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I. Introduction
~ Concept of Autocatalysis ~ 

✤ What is Autocatalysis?
✤ Examples
✤ Scientific Importance
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Autocatalysis is...
 catalysis of a chemical reaction by one of the 
products of the reaction.

Fig.1 A simple image of autocatalysis

exponential increase of catalyst(=product)!!

Fig.2 Sigmoid variation of product 
concentration in autocatalytic reactions
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Examples of Autocatalysis

• Bromination of ketone

• Ley Oxidation

O
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H+ catalyzes formation of enol from ketone 

HBr regenerates catalytic H+
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reduction colloid
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water reduces 
autocatalysis in 

this reaction

D. G. Lee J. Org. Chem. 1992, 57, 3276-3277 
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Examples of Autocatalysis

• LDA-Mediated Ortholithiation
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D. B. Collum J. Am. Chem. Soc. 2008, 130, 18008-18017 

see also : D. B. Collum J. Am. Chem. Soc. 2010, 132, 15610-15623 

Autocatalysis in Lithium Diisopropylamide-Mediated
Ortholithiations
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Abstract: Ortholithiation of 3-fluorophenyl-N,N-diisopropyl carbamate by lithium diisopropylamide (LDA)
in THF at -78 °C affords unusual rate behavior including linear decays of the carbamate, delayed formation
of LDA-aryllithium mixed dimers, and evidence of autocatalysis. A mechanistic model in conjunction with
numeric integration methods accounts for the time-dependent changes in concentration. The two critical
rate-limiting steps in the model entail (1) an LDA dimer-based metalation of arylcarbamate, and (2) a rate-
limiting condensation of the resulting aryllithium with the LDA dimer to form two isomeric LDA-ArLi mixed
dimers. One isomer elicits a highly efficient (post-rate-limiting) metalation of aryl carbamate, in turn,
regenerating aryllithium. The prevalence and implications of such autocatalysis are discussed.

Introduction

Lithium diisopropylamide (LDA) is often the reagent of
choice for reactions requiring a strong base.1 The central
importance of LDA motivated us to examine how solvation and
aggregation influence its reactivity.2 Studies spanning two
decades have documented more than a dozen mechanisms that
differ in solvation and aggregation at the rate-limiting transition
structures. Recent studies of the LDA-mediated ortholithiation
of aryl carbamates3,4 underscore the potential complexity by
revealing both monomer and dimer-based pathways. A pro-
nounced autoinhibition was traced to intervening mixed ag-
gregates, which are often observed in reactions of LDA.5

LDA-mediated metalation of aryl carbamate 1, the most
reactive of all carbamates we had studied to date, displayed
two perplexing behaviors. First, treating carbamate 1 with 1.0

equiv of LDA in neat THF at -78 °Csconditions used for many
LDA-mediated reactionssaffords aryllithium monomer 2 to the
exclusion of mixed aggregates. The concentration of 1 also
follows a first-order decay to a reasonable approximation (Figure
1); a second-order fit (dashed line) is clearly inferior. Thus, on
first inspection, we appeared to have discovered the most
outwardly simple LDA-mediated reaction reported to date.
Something was wrong, however: This inherently bimolecular
reaction should not be first order, regardless of whether the rate-
limiting transition structure is based on an LDA monomer or
dimer. The second strange observation appeared when a large
excess of LDA was used. The large excesssso-called pseudo-
first-order conditionssusually forces a higher-order reaction to
behave as if it is first order (thus the name). When such pseudo-
first-order conditions are used, we observe a linear decay of 1
(Figure 2). The decay is clearly not first order in carbamate 1,
appearing instead to be zeroth-order.

We describe herein structural and rate studies showing that
numerous deviant rate behaviors for the ortholithiation of 1 stem

(1) (a) Bakker, W. I. I.; Wong, P. L.; Snieckus, V. Lithium Diisopropyl-
amide In e-EROS; Paquette, L. A., Ed.; John Wiley: New York, 2001.
(b) Clayden, J. Organolithiums: SelectiVity for Synthesis; Baldwin,
J. E., Williams, R. M., Eds.; Pergamon: New York, 2002.

(2) For a review summarizing rate studies of LDA-mediated reactions,
see: Collum, D. B.; McNeil, A. J.; Ramirez, A. Angew. Chem., Int.
Ed. 2007, 46, 3002.

(3) (a) Hartung, C. G.; Snieckus, V. In Modern Arene Chemistry; Astruc,
D., Ed.; Wiley-VCH: Weinheim, Germany, 2002; Chapter 10. (b)
MacNeil, S. L.; Wilson, B. J.; Snieckus, V. Org. Lett. 2006, 8, 1133.

(4) Reviews of ortholithiation: (a) Snieckus, V. Chem. ReV 1990, 90, 879.
(b) Gschwend, H. W.; Rodriguez, H. R. Org. React. 1979, 26, 1. Also
see ref 8.

(5) (a) Sun, X.; Collum, D. B. J. Am. Chem. Soc. 2000, 122, 2459. (b)
Ramirez, A.; Sun, X.; Collum, D. B. J. Am. Chem. Soc. 2006, 128,
10326.

Figure 1. Reaction of 0.10 M carbamate 1 with 0.10 M LDA at -78 °C
in neat THF as monitored by 19F NMR spectroscopy. The solid and dashed
lines represent least-squares fits to first- and second-order decays, respectively.

Published on Web 11/25/2008

10.1021/ja807331k CCC: $40.75 ! 2008 American Chemical Society18008 9 J. AM. CHEM. SOC. 2008, 130, 18008–18017
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Examples of Autocatalysis

• Autocatalysis in Biological Systems

folding, catalyzes its own folding.4 In prion disease, exponen-
tial growth is associated with autocatalytic fission of mem-
brane-bound protein aggregates. This is a form of ‘‘conforma-
tional autocatalysis’’,5 where a misfolded form of a protein
induces a similar misfolding.

Another kind of proteins undergoing autocatalytic process-
ing are the proteases, which are proteins that catalyze the
cleavage of other proteins. Some proteases such as the metal-
loprotease Mpl of Listeria monocytogenes, and the apoptosis
pathway enzyme Procaspase-3 are produced as a longer pro-
tein that exists in a proenzyme (inactive) form. The protease
function is activated upon proteolytic cleavage by the active
forms. Thus the product of the proenzyme cleavage reaction
catalyzes the same reaction. An example of the extension of
this process to multiunit complexes is seen in the process of
mammalian 20S proteasome biogenesis through autocatalytic
proteolysis of some of its subunits.6

Reaction scale/Intracellular
scale autocatalysis

Reaction-network scale autocatalysis takes the form of posi-
tive feedback loops where the products of a reaction enhance
its rate indirectly through their participation in other reactions.

Such positive feedback loops occur at several scales. At an in-
tracellular scale, the simplest forms of such feedback are reac-
tions where the translation product (protein) enhances the
transcription rate of its own gene, thus, forming more messen-
ger RNA (mRNA), and, therefore, increasing the rate of the
translation reaction. Examples of such autogenous activation
reactions include the activation of the expression of the gene
deformed by its protein product, and self-activation of expres-
sion by the transcription factor TBP through interaction with
its own promoter region. The transcriptional activation effect
may be indirect, such as the activation of expression of the
protein Patched by its active form through multiple intermedi-
ates. Several other examples of transcriptional activation by
the products of the reaction catalyzed by the gene product are
seen in the carbohydrate uptake systems including the lactose,
galactose7 and maltose regulatory systems. In these systems,
transcriptional activation results in the formation of proteins
that increase intracellular levels of the carbohydrate (or a
metabolite), which in turn enhances the transcriptional activa-
tion.

Individual pathways can be coupled through interpathway
positive feedback loops. For instance, the positive coupling
between the Wnt and Erk pathways enables the maintenance
of an activated state without the requirement of a persistent

Figure 1. Autocatalysis at various scales: single molecule folding, autogeneous regulation, intracellular signaling pathways,
organ systems, collective motion and ecological scales.

Evolution as a response to the environment results in changes in the structure and function of single molecules. Not
shown are criss-crossing links that indicate the effect of intracellular signaling to community behavior, or single mole-
cule folding to population dynamics for instance as seen in the effect of unfolded proteins in prion disease epidemiol-
ogy. Figures except single molecule and autogeneous regulation are from wikipedia.com.

AIChE Journal March 2009 Vol. 55, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 557

 AIChE J. 2009, 55, 556-562 
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Scientific Importance

• Chemical Oscillation

Fig.2 Change of color in BZ reaction with Fe(phen)32+

Belousov-Zhabotinskii(BZ) Reaction

Fig.1 Change of color in BZ reaction with Ce3+
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Scientific Importance

• Chemical Oscillation - BZ reaction -

Scientific Importance

Br- + BrO3- + 2H+ HBrO2 + HOBr

Br- + HOBr + H+ Br2 + H2O

(R1)

(R2)

Initial step

}
Process A

Br- + HBrO2 + H+ 2HOBr (R5)

Autocatalytic step
BrO3- + HBrO2 + H+ 2BrO2 + H2O
BrO2 + Ce3+ + H+ HBrO2 + Ce4+ (R4)

(R3)

BrO3- + HBrO2 + 2Ce3+ + 3H+ 2HBrO2 2Ce4++ + H2O (!)

2HBrO2 HOBr + BrO3- + H+ (R6)

}
Process B

Oxidation of malonic acid
Br2 + CH2(CO2H)2 BrCH(CO2H)2 + H+ + Br- (R7)
6Ce4+ + CH2(CO2H)2 2H2O+ 6Ce3+ + HCO2H + CO2 6H++
4Ce4+ BrCH(CO2H)2+ 2H2O+ Br- + 4Ce3+ + + 5H++HCO2H CO2

(R8)
(R9)

R. J. Field, E. Körös, R. M. Noyes  J. Am. Chem. Soc. 1972, 94, 8649-8664 
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Scientific Importance

• Origin of Life

Homochirality RNA World

Create a New Order ?

COOH

NH2
H

L-Valine

OHOHO OHOH

OH

D-Glucose

“Autocatalysis”
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II. Asymmetric Autocatalysis
~ Soai Reaction ~ 

✤ Asymmetric Amplification
✤ Discovery of Soai Reaction
✤ Mechanistic Study
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Asymmetric Amplification

Fig.1 Non-linear effects (NLE) in asymmetric synthesis

eeprod = ee0 · eeaux
eeprod | ee value of the product

ee0     | the maximum ee value of the product

eeaux | ee value of the chiral auxiliary

review : H. B. Kagan Angew. Chem. Int. Ed. 1998, 37, 2922-2959 

“asymmetric amplification” means :: 
eeprod > ee0×eeaux
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Discover of (+)-/(-)-NLE

OH OH
O(R,R)-(+)-DET

Ti(OiPr)4 (5%)

tBuOOH
CH2Cl2, -20 °C
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Fig.1 (+)-NLE in the Sharpless epoxidation Fig.2  (-)-NLE in the asymmetric oxidation of sulfide

H. B. Kagan Angew. Chem. Int. Ed. 1998, 37, 2922-2959 
H. B. Kagan J. Am. Chem. Soc. 1986, 108, 2353-2357 
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a b s t r a c t

The Kagan MLn models developed for rationalizing non-linear effects of catalyst enantiopurity have
become a valuable mechanistic tool for probing complex asymmetric catalytic reactions. This work dem-
onstrates how these models also provide clues about reactivity that may be used for further evidence to
test a mechanistic hypothesis. Special considerations for probing non-linear effects in asymmetric syn-
thesis using stoichiometric chiral auxiliaries and in asymmetric autocatalysis are highlighted in compar-
ison with asymmetric catalysis.

! 2010 Published by Elsevier Ltd.

1. Introduction

The observation of a non-linear relationship between catalyst
enantiopurity and product enantioselectivity in asymmetric cata-
lytic reactions was first reported by Kagan in 1986 and has since
become a recognized mechanistic probe for such reactions.1 Non-
linear effects are a characteristic feature of systems in which at
least one species contains two or more chiral ligands, either in
the active catalyst or in a species connected to the catalytic cycle.
Kagan’s ML2 model (Scheme 1a) describes the general case where
the active catalyst contains two chiral ligands, while work by Noy-
ori2 has focused on examples where a monomeric catalyst is in
equilibriumwith off-cycle dimer species (Scheme 1b). The non-lin-
ear effect originates from the different stability and/or reactivity
exhibited by homochiral and heterochiral species.

It has been shown that as a necessary consequence of these
models for the non-linear effects of catalyst enantiopurity an influ-
ence on the reaction rate will be observed.3 Although less widely
reported, reaction rate as a function of catalyst enantiomeric
excess may also serve as a mechanistic probe, in many cases test-
ing the predictions made from measurements of non-linear effects
on product ee. This review describes kinetic aspects of non-linear
effects and highlights some special considerations that need to
be taken into account when applying this mechanistic analysis to
asymmetric synthesis, where the chiral source is a stoichiometric
reagent whose concentration decreases as it is consumed in the
reaction, and to autocatalysis, where the concentration of the
chiral source increases as the reaction proceeds.

2. Models for non-linear effects in asymmetric catalysis

Scheme 1 depicts the two most commonly encountered models
for non-linear effects in asymmetric catalysis. Both models invoke
the case where two chiral ligands or molecules assemble to form
homochiral (RR and SS) and heterochiral (RS) species. A key differ-
ence between the two models is the nature of the active catalytic
species: in the Kagan ML2 model shown in Scheme 1a, the dimers
are themselves the catalysts, while in Noyori’s model shown in
Scheme 1b, the active single-ligand catalyst is in equilibrium with
off-cycle species containing two homochiral or heterochiral
ligands.

The Kagan mathematical model describing the system shown in
Scheme 1a contains two parameters, Kdimer and g. The former is a
general property of the chemical species, while the latter is specific
to the catalytic reaction under study. Thus a catalyst will exhibit the
same value ofKdimer butmayhave different g valueswhen employed
in different chemical transformations. The Kagan model represents
the limiting conditions when the catalyst system is strongly driven
to form dimers, and it assumes that the concentration of the species

0957-4166/$ - see front matter ! 2010 Published by Elsevier Ltd.
doi:10.1016/j.tetasy.2010.03.034
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Scheme 1. Models for non-linear effects.
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Example of (+)-/(-)-NLE
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CH2Cl2, -20 °C
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Fig.1 (+)-NLE in the Sharpless epoxidation Fig.2  (-)-NLE in the asymmetric oxidation of sulfide

H. B. Kagan Angew. Chem. Int. Ed. 1998, 37, 2922-2959 
H. B. Kagan J. Am. Chem. Soc. 1986, 108, 2353-2357 

EE0 = 95%, K = 1000, g = 0.35  more complicated model is required...
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Soai Reaction

• First Asymmetric Autocatalysis

N

OH

R
R2Zn

20 mol% product
toluene, r.t.N

O

H

R = Me, Et, iPr, nBu

R catalyst ee (%) product ee (%)

Me 42 7

Et 56 14

iPr 86 35

nBu 47 6

K. Soai J. Chem. Soc. Chem. Comm. 1990, 982-983 
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Soai Reaction

• Asymmetric Autocatalysis with Amplification

K. Soai Nature 1995, 378, 767-768 

N

N

OHiPr2Zn
20 mol% product (5% ee)

toluene, 0 °C
N

N

O

H

© 1995 Nature  Publishing Group

Fig.1 Asymmetric autocatalysis of 
chiral pyrimidyl alkanol.

© 1995 Nature  Publishing Group

Fig.2 Relation between ee of catalyst 
and ee of product.
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Soai Reaction

• 2-Alkynyl 5-Pyrimidyl Alkanol

N

N

OHiPr2Zn
20 mol% product

toluene, 0 °C
N

N

O

H

RR

R catalyst ee (%) product ee (%)

nBu 5.8 21.2

tBu 5.5 69.6

Me3Si 8.4 74.2

iPr3Si 8.6 8.8

Ph 5.9 47.3

K. Soai Angew. Chem. Int. Ed. 1999, 38, 659-661 
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Soai Reaction

• Other Substrates ( = Catalysts ! )

25 [68] are also highly efficient asymmetric autocatalysts with
amplification of ee (Fig. 12). Derivatization of the terminal groups
of 2-ethynyl substituents at the 2-position expanded the applica-
ble compounds for asymmetric autocatalysis with amplification of
ee [62]. The activities of each compoundwere examined by the use
of an autocatalyst with low ee value. The n-butylethynyl derivative
26 with 5.8% ee amplifies to 21% ee after one round of reaction.
Trimethylsilylacetylene-substituted pyrimidyl alkanol 27 with
8.4% ee was efficiently enhanced to 74% ee by one asymmetric
autocatalysis. The phenyl analoguewas also effective, although the
efficiency of amplification was lower than for the t-butylethynyl
group-substituted 22. We have reported that the initially
employed ferrocene-containing pyrimidyl alkanol with 8% ee
was enhanced to 67% ee by a single round of the addition reaction.
After consecutive cycles of reaction, the enantioenrichment was
amplified to >99% ee [69]. Pyrimidyl alkanol 30 possessing an
alkenyl group at the 2-position also displays a significant
autoamplification factor [70]. Thus, extremely low enantioenrich-
ment of pyrimidyl alkanol could be autoamplified to very high ee
by consecutive reactions.

A possible mechanistic framework for the asymmetric autoca-
talysis has been studied by kinetic experiments using chiral HPLC
[71] and a reaction microcalorimeter [72], NMR [73] and
computational molecular modeling [74–76], which showed that
the chiral dimer of alkoxide 3 acts as a reactive species for the
production of the next product 3 with the same absolute
configuration as the catalyst.

In the planning of further efficient asymmetric autocatalysts
possessing high autoamplification ability, the key feature is the
interaction between the enantiomers of the asymmetric autocata-
lyst. As mentioned in a previous section, fluorine-containing
compounds are expected to interact with each other, which can
lead to self-purification. There is a trend in fluorine-containing
compounds for a largerdifferencebetweentheenergyofhomochiral

and heterochiral aggregates. Thus, one of the promising modifica-
tions of an asymmetric autocatalystmay involve the introduction of
fluorine groups into the structure. In addition to the high
coordination capability of zinc atoms toward heteroatoms such as
nitrogen and oxygen in an asymmetric autocatalyst, the differentia-
tion ability of fluorinated compounds between homochiral and
heterochiral aggregates in their stability and catalytic activity may
improve the amplification effect in asymmetric autocatalysis. In
addition, electron-withdrawing fluorinated substituents may en-
hance the reactivity of pyrimidine-5-carbaldehyde. Structural
modifications, i.e., introduction of a fluorinated functional group,
are proposed for further study as shown in Fig. 13.

Recently, asymmetric autocatalytic organocatalysis inMunnich
reaction has been reported without amplification of ee [77].

5. Asymmetric autocatalysis with amplification of ee initiated
by chiral factors as a source of chirality

As was mentioned in the above section, the significant
enhancement of ee from the minute imbalance of enantiomer of
an asymmetric autocatalyst, that is, asymmetric autocatalysis,
could amplify the slight ee of ca. 0.00005% to almost enantio-
merically pure>99.5% ee during consecutive reactions. Thus, if the
enantioenrichment of the initially formed asymmetric autocatalyst
could be introduced by an external chiral factor, we can obtain
highly enantioenriched pyrimidyl alkanol as a product after the
autocatalytic amplification of ee. The absolute configuration of the
produced alkanol with high ee is controlled by, and thus correlated
with, the initial enantioselection, i.e., the configuration of the
originally used external chiral factor determines the absolute
configuration of the pyrimidyl alkanol with high ee.

In practice, various chiral compounds can initiate the asym-
metric autocatalysis to induce the production of the zinc alkoxide
of a pyrimidyl alkanol and the subsequent autocatalytic amplifi-
cation of ee affords the highly enantioenriched alkanol (Fig. 14).
Not only enantiomerically pure compounds, chiral compounds
with very small ee can also act as chiral triggers for asymmetric
autocatalysis. When (S)-butan-2-ol 33with ca. 0.1% ee was used as
a chiral initiator of asymmetric autocatalysis, (S)-pyrimidyl alkanol
23 with 73% ee was obtained [78]. In contrast, (R)-33 with 0.1% ee
induced the production of (R)-23with 76% ee. In the samemanner,
chiral compounds with amino, ester, carboxyl [78] and epoxy [79]
functionalities with low ee can serve as chiral initiators of
asymmetric autocatalysis to give pyrimidyl alkanol 22 or 23 with
high ee. Chiral Cr(acac)3 complexes having the chiral topology also
induces asymmetric autocatalysis [80]. Further consecutive
reactions enable the amplification of ee to produce the highly
enantiomerically enriched alkanol 22 with the absolute config-
urations corresponding to that of the D- orL-Cr(acac)3. The chiral
hydrocarbons, 1,10-binaphthyl [81], [6]- and [5]-helicenes [82] and
allene [83] can act as chiral initiators of asymmetric autocatalysis.

Because of the lack of higher order helicity, isotactic polysty-
rene 42 with a molecular weight above ca. 5,000 exhibits no
detectable value of specific optical rotation [84]. In addition, (n-
butyl)ethyl(n-hexyl)(n-propyl)methane 43 is a saturated quater-
nary hydrocarbon, which possesses practically no optical rotation
over the range 280–580 nm [85]. The chiral discrimination of these

Fig. 11. The multiplication factor of S- and R-enantiomers of pyrimidyl alkanol 22
during three consecutive asymmetric autocatalyses with amplification of ee.

Fig. 12. Asymmetric autocatalysts, which produce amplification of ee in the
enantioselective addition of i-Pr2Zn to the corresponding aldehydes.

Fig. 13. Proposed structures of asymmetric autocatalysts modified with fluorinated
substituents.

T. Kawasaki, K. Soai / Journal of Fluorine Chemistry 131 (2010) 525–534 529

K. Soai J. Fluorine Chem. 2010, 131, 525-534 
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Soai Reaction

N

N

OHiPr2Zn
chiral triggerN

N

O

H

tButBu

• Various Chiral Initiators

enantiomers poses the utmost difficulty. Their enantiomeric forms
cannot be distinguished by applying any contemporary technique
and are called cryptochiral. Thus, asymmetric autocatalysis
triggered by cryptochiral compounds has been examined. Isotactic
polystyrene 42 induced enantioselective addition of i-Pr2Zn to
pyrimidine-5-carbaldehyde 21 to afford the pyrimidyl alkanol 22
with the corresponding absolute configurations to that of
cryptochiral polystyrene 42 and its enantiomer ent-42 [86]. In
addition, the reaction between pyrimidine-5-carbaldehyde 21 and
i-Pr2Zn in the presence of (R)-43 formed (S)-pyrimidyl alkanol 22
with high ee, whereas in the presence of (S)-43, the opposite (R)-
alkanol 22 was obtained [87]. We have demonstrated that the
achiral catalyst can reverse the enantioselectivity of chiral catalyst
in asymmetric autocatalysis initiated with the mixture of chiral
and achiral b-amino alcohols [88]. The results bring the
mechanistic insight in b-amino alcohols catalyzed addition of
dialkylzincs to aldehydes [89]. Asymmetric autocatalysis can be
utilized to elucidate the steric discrimination of the substituents of
chiral secondary alcohols [90].

So far, several chiral factors have been proposed as the origins
of the chirality of organic compounds, including circularly

polarized light (CPL) [11–13], inorganic crystals such as quartz
[14,15] and sodium chlorate [91,92], enantiomorphous organic
crystals formed from achiral organic molecules [93–96] and
spontaneous absolute asymmetric synthesis [97]. The enantio-
meric imbalances that were induced by these proposed mechan-
isms have usually been very small; therefore, a suitable
amplification process is required to reach homochirality of
biological organic compounds. Asymmetric autocatalysis with
amplification of ee gives a strong correlation between the origin of
chirality and the homochirality of organic compounds, i.e.,
asymmetric autocatalysis can be initiated by these proposed
origins of chirality. We have reported the enantioselective
synthesis, in combination with asymmetric autocatalysis, trig-
gered by CPL [98,99], quartz [100] and enantiomorphous organic
crystals formed from achiral compounds [101] and a spontaneous
absolute asymmetric synthesis [102] (Fig. 15).

Direct irradiation of racemic 22 by left-handed CPL and the
subsequent asymmetric autocatalysis using the remaining alkanol
as the chiral seed, produces highly enantioenriched (S)-alkanol 22
with >99.5% ee [99]. On the other hand, irradiation with right-
handed (r) CPL, gave (R)-22 with >99.5% ee. The process provides

Fig. 14. Asymmetric autocatalysis initiated by chiral compounds.
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direct correlation of the handedness of CPL with that of the organic
compound with high ee.

Enantiomorphous inorganic crystals of quartz are candidates
for the origin of chirality. Thus, we performed an asymmetric
autocatalysis triggered by quartz. When pyrimidine-5-carbalde-
hyde 21 was treated with i-Pr2Zn in the presence of d-quartz
powder, (S)-pyrimidyl alkanol 22with 97% ee was obtained with a
yield of 95% [100]. In contrast, in the presence of l-quartz, (R)-22
with 97% ee was obtained with a yield of 97%. In addition, sodium
chlorate [103] and sodium bromate [104] can also be subjected to
asymmetric autocatalysis as the source of chirality to form
enantiomerically enriched alkanol 22 with the corresponding
absolute configurations.

Enantiomorphous organic crystals of achiral compounds can
also act as the chiral source of asymmetric autocatalysis [101].
Cytosine is an essentially flat achiral molecule; however,
cytosine in the crystalline state shows chirality. When aldehyde
21 and i-Pr2Zn reacted in the presence of a [CD(+)310nujol]-
crystal of cytosine, enantioenriched (R)-pyrimidyl alkanol 22
was obtained [105]. [CD(!)310nujol]-Cytosine crystal with the
opposite chirality induced the production of enantioenriched
(S)-alkanol 22. Enantiomorphous crystals of the achiral quater-
nary ammonium salt tryptamine/p-chlorobenzoic acid [101],
hippuric acid [106] and benzil [107] trigger asymmetric
autocatalysis.

Asymmetric autocatalysis can amplify the spontaneously
generated (under the achiral condition) slight enantiomeric excess,
i.e., the statistical fluctuation of chirality in the initially forming
racemic zinc alkoxide of pyrimidyl alkanol 22 can be enhanced to a
detectable ee [102,108]. When pyrimidine-5-carbaldehyde 21was
reacted with i-Pr2Zn without adding any chiral substance, the
following amplification afforded pyrimidyl alkanol 22 with either
S- or R-configurations being formed with ee above the detection
level (Fig. 15). An approximate stochastic distribution of the
formation of either S- or R-enantiomers (19 times formation of S
and 18 times R) of pyrimidyl alkanol 22was observed [102]. These
experimental outcomes meet one of the conditions necessary for a
spontaneous absolute asymmetric synthesis. Theoretical discus-
sions have been developed on the symmetry breaking in
asymmetric autocatalysis [109–112].

6. Isotopically chiral compound triggers asymmetric
autocatalysis with amplification of ee

Many apparently achiral organic molecules on Earth may be
chiral because of the substitution of the naturally abundant carbon
isotopes in an enantiotopic moiety within the structure. However,
carbon isotope chirality is experimentally difficult to discriminate
because the chirality originates from the very small difference
between the carbon isotopes (13C/12C). Thus, it has been a question
whether isotopically substituted carbon chiral compounds can
induce chirality in asymmetric reactions. Therefore, we performed
the asymmetric autocatalysis triggered by an isotopically substi-
tuted carbon chiral compound. When i-Pr2Zn addition to pyrimi-
dine-5-carbaldehyde 21 was performed in the presence of the
chiral tert-alcohol, (R)-dimethylphenylmethanol (44) resulting
from 13C substitution in themethyl group, (S)-pyrimidyl alkanol 22
was obtained with high ee [113] (Fig. 16). In contrast, (S)-44 with
carbon isotope chirality triggers the formation of (R)-22 and the
following autocatalytic amplification of ee affords the enantio-
merically enriched product. This is the first example of demon-
strating clearly the control of enantioselectivity by an isotopically
substituted carbon chiral compound. Chiral alcohols 45 and 46
resulting from 13C substitution can also act as chiral triggers of
asymmetric autocatalysis to afford pyrimidyl alkanols 22with high
ee that have the corresponding absolute configurations as those of
the isotopically substituted carbon chirality of 45 and 46 [113].
Asymmetric autocatalytic amplification of 5-pyrimidyl alkanol 22
during the reaction of i-Pr2Zn and pyrimidine-5-carbaldehyde 21
has the enormous power to amplify the minute enantiomeric
imbalance induced by carbon isotope enantiomers, which has
enabled detection of the minute control of enantioselectivity by
isotopically substituted carbon chiral compounds as a detectable
ee of the asymmetric autocatalyst [114].

On the other hand, meteorites contain achiral amino acids such
as glycine and a-methylalanine that have been identified as
deuterium-enriched forms [115]. Organic compounds with slight
ee such as L-amino acids have also been detected inmeteorites, and
these compounds have been proposed as candidates for the
extraterrestrial origin of biological homochirality on Earth [116].
However, another approach to the origin of chirality is the analysis

Fig. 15. Asymmetric autocatalysis induced by the proposed origins of chirality.
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Soai Reaction

• Isotope Chirality

of the hydrogen isotopic chirality in meteoritic achiral molecules.
Therefore, we performed asymmetric autocatalysis initiated with
the meteoritic achiral amino acids, glycine and a-methylalanine
with hydrogen (D/H) isotope chirality. When the i-Pr2Zn addition
was performed in the presence of the (S)-glycine-a-d (47) with an
ee of 93%, the (S)-5-pyrimidyl alkanol 22 was obtained in a 94%
yield with an ee of 96% [117]. On the other hand, (R)-22with an ee
of 95%was obtained in the presence of (R)-47. Next, the addition of
i-Pr2Zn to pyrimidine-5-carbaldehyde 21 using (R)- and (S)-a-
methyl-d3-alanine (48) was performed. In the presence of (R)-48,
(S)-22was induced, and the reaction of aldehyde 21 and i-Pr2Zn in
the presence of (S)-48 always gave (R)-alkanol 22with a high ee of
96–99%. Thus, the asymmetric autocatalysis can serve as a highly
sensitive method for recognizing isotope chirality in meteoritic
amino acids. In addition, we have reported the highly enantiose-
lective synthesis utilizing chiral primary alcohol 49–52 with
deuterium substitution in conjunction with asymmetric autoca-
talysis [118] (Fig. 17).

7. Summary

This review provides examples of the pathways by which
enantiomeric enrichment was amplified to high ee values.
Association of the enantiomers of chiral compounds enables the

formation of homochiral and heterochiral aggregates, which show
different physical properties. These diastereomeric interactions
between the enantiomers promote self-disproportionation of
enantiomers, thus it is possible for a compound to amplify the
ee of itself under achiral conditions such as distillation, sublima-
tion and column chromatography using achiral silica gel. Fluorine-
containing compounds possess a strong differential effect between
the energy of homochiral and heterochiral aggregates. Thus,
fluorine-containing chiral compounds show large amplification
effects without another chiral auxiliary.

Asymmetric amplification can be observed in enantioselective
catalysis. The key feature in the asymmetric catalysis possessing
amplification of ee is the formation of a diastereomeric species. The
preferential formation of heterochiral aggregates of catalyst
enantiomers and the higher catalytic activity of homochiral
species would help asymmetric amplification in enantioselective
catalyses. Amino acid-catalyzed asymmetric reactions with
amplification of ee are strongly correlated to the origin of chirality.

The amplification of ee in asymmetric autocatalytic systems is
considered as one of the models for the chemical origin and
evolution of homochirality. We found that 5-pyrimidyl alkanols
are highly enantioselective asymmetric autocatalysts for the
addition of i-Pr2Zn to the corresponding pyrimidine-5-carbalde-
hyde. In particular, 2-alkynyl-5-pyrimidyl alkanol 22 is an

Fig. 16. Asymmetric autocatalysis triggered by a chiral compound by carbon isotope substitution.

Fig. 17. Asymmetric autocatalysis triggered by a chiral compound by hydrogen isotope substitution.
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of the hydrogen isotopic chirality in meteoritic achiral molecules.
Therefore, we performed asymmetric autocatalysis initiated with
the meteoritic achiral amino acids, glycine and a-methylalanine
with hydrogen (D/H) isotope chirality. When the i-Pr2Zn addition
was performed in the presence of the (S)-glycine-a-d (47) with an
ee of 93%, the (S)-5-pyrimidyl alkanol 22 was obtained in a 94%
yield with an ee of 96% [117]. On the other hand, (R)-22with an ee
of 95%was obtained in the presence of (R)-47. Next, the addition of
i-Pr2Zn to pyrimidine-5-carbaldehyde 21 using (R)- and (S)-a-
methyl-d3-alanine (48) was performed. In the presence of (R)-48,
(S)-22was induced, and the reaction of aldehyde 21 and i-Pr2Zn in
the presence of (S)-48 always gave (R)-alkanol 22with a high ee of
96–99%. Thus, the asymmetric autocatalysis can serve as a highly
sensitive method for recognizing isotope chirality in meteoritic
amino acids. In addition, we have reported the highly enantiose-
lective synthesis utilizing chiral primary alcohol 49–52 with
deuterium substitution in conjunction with asymmetric autoca-
talysis [118] (Fig. 17).

7. Summary

This review provides examples of the pathways by which
enantiomeric enrichment was amplified to high ee values.
Association of the enantiomers of chiral compounds enables the

formation of homochiral and heterochiral aggregates, which show
different physical properties. These diastereomeric interactions
between the enantiomers promote self-disproportionation of
enantiomers, thus it is possible for a compound to amplify the
ee of itself under achiral conditions such as distillation, sublima-
tion and column chromatography using achiral silica gel. Fluorine-
containing compounds possess a strong differential effect between
the energy of homochiral and heterochiral aggregates. Thus,
fluorine-containing chiral compounds show large amplification
effects without another chiral auxiliary.

Asymmetric amplification can be observed in enantioselective
catalysis. The key feature in the asymmetric catalysis possessing
amplification of ee is the formation of a diastereomeric species. The
preferential formation of heterochiral aggregates of catalyst
enantiomers and the higher catalytic activity of homochiral
species would help asymmetric amplification in enantioselective
catalyses. Amino acid-catalyzed asymmetric reactions with
amplification of ee are strongly correlated to the origin of chirality.

The amplification of ee in asymmetric autocatalytic systems is
considered as one of the models for the chemical origin and
evolution of homochirality. We found that 5-pyrimidyl alkanols
are highly enantioselective asymmetric autocatalysts for the
addition of i-Pr2Zn to the corresponding pyrimidine-5-carbalde-
hyde. In particular, 2-alkynyl-5-pyrimidyl alkanol 22 is an

Fig. 16. Asymmetric autocatalysis triggered by a chiral compound by carbon isotope substitution.

Fig. 17. Asymmetric autocatalysis triggered by a chiral compound by hydrogen isotope substitution.
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Summary of Soai Reaction

enantiomers poses the utmost difficulty. Their enantiomeric forms
cannot be distinguished by applying any contemporary technique
and are called cryptochiral. Thus, asymmetric autocatalysis
triggered by cryptochiral compounds has been examined. Isotactic
polystyrene 42 induced enantioselective addition of i-Pr2Zn to
pyrimidine-5-carbaldehyde 21 to afford the pyrimidyl alkanol 22
with the corresponding absolute configurations to that of
cryptochiral polystyrene 42 and its enantiomer ent-42 [86]. In
addition, the reaction between pyrimidine-5-carbaldehyde 21 and
i-Pr2Zn in the presence of (R)-43 formed (S)-pyrimidyl alkanol 22
with high ee, whereas in the presence of (S)-43, the opposite (R)-
alkanol 22 was obtained [87]. We have demonstrated that the
achiral catalyst can reverse the enantioselectivity of chiral catalyst
in asymmetric autocatalysis initiated with the mixture of chiral
and achiral b-amino alcohols [88]. The results bring the
mechanistic insight in b-amino alcohols catalyzed addition of
dialkylzincs to aldehydes [89]. Asymmetric autocatalysis can be
utilized to elucidate the steric discrimination of the substituents of
chiral secondary alcohols [90].

So far, several chiral factors have been proposed as the origins
of the chirality of organic compounds, including circularly

polarized light (CPL) [11–13], inorganic crystals such as quartz
[14,15] and sodium chlorate [91,92], enantiomorphous organic
crystals formed from achiral organic molecules [93–96] and
spontaneous absolute asymmetric synthesis [97]. The enantio-
meric imbalances that were induced by these proposed mechan-
isms have usually been very small; therefore, a suitable
amplification process is required to reach homochirality of
biological organic compounds. Asymmetric autocatalysis with
amplification of ee gives a strong correlation between the origin of
chirality and the homochirality of organic compounds, i.e.,
asymmetric autocatalysis can be initiated by these proposed
origins of chirality. We have reported the enantioselective
synthesis, in combination with asymmetric autocatalysis, trig-
gered by CPL [98,99], quartz [100] and enantiomorphous organic
crystals formed from achiral compounds [101] and a spontaneous
absolute asymmetric synthesis [102] (Fig. 15).

Direct irradiation of racemic 22 by left-handed CPL and the
subsequent asymmetric autocatalysis using the remaining alkanol
as the chiral seed, produces highly enantioenriched (S)-alkanol 22
with >99.5% ee [99]. On the other hand, irradiation with right-
handed (r) CPL, gave (R)-22 with >99.5% ee. The process provides

Fig. 14. Asymmetric autocatalysis initiated by chiral compounds.
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Mechanism of Soai Reaction

• Autocatalysis Alone
eeprod = ee0 · eeaux

eeprod | ee value of the product

ee0     | the maximum ee value of the product

eeaux | ee value of the chiral auxiliary

If the catalyst is NOT perfect (ee0 < 1) , the 
product ee will be less than catalyst ee and the 
lower ee products will be serving as catalysts in 
future reactions!

asymmetric synthesis as ‘‘the formation
of enantiomerically enriched products
from achiral precursors without the in-
tervention of chiral chemical reagents or
catalysts’’ (23–25).

Thus, our first question is answered: it
becomes clear that the creation of a
small imbalance in enantiomers by
means of absolute asymmetric synthesis,
or what Siegel (26) refers to as the
‘‘shattered mirror,’’ is occurring all of
the time in our laboratories. Why then,
does observation of spontaneous achiral
symmetry breaking in chemical reactions
elude us? The reason is that most of the
time the shattered mirrors readily and
repeatedly put themselves back together
again. It is a rare case where the sym-
metry breaking is observable and persis-
tent, as in the Soai reaction. The
question is, what makes it observable in
this case? In trying to find an answer,
perhaps we have been focusing our at-
tention on the wrong part of the prob-
lem: instead of pondering the origin of
the initial imbalance, we need to under-
stand how this imbalance can be propa-
gated; that is, how can we prevent the
mirror from repairing itself?

Here is where autocatalysis, such as in
the example of the Soai reaction, has a
role to play. To understand this idea, we
take a closer look at Frank’s (5) model
for amplification in asymmetric autoca-
talysis. However, before we do this, we
need to highlight a key point that has
not received adequate attention in a
number of the recent discussions of am-
plification of ee in asymmetric autoca-
talysis. This point is: autocatalysis alone
is not enough.

Autocatalysis Alone
The failure of autocatalysis by itself to
rationalize asymmetric amplification in
autocatalytic reactions was discussed
qualitatively by Girard and Kagan (27),
and Blackmond (28) has provided a the-
oretical derivation. The argument is sim-
ple: let’s consider an asymmetric cata-
lytic reaction that yields a product of
ee0, when carried out by using enantio-
pure catalyst (eecat ! 1). For a simple
catalytic reaction; that is, one exhibiting
no nonlinear effects, the relationship
between the product ee observed, eeprod,
and the ee of the catalyst used, eecat, is
linear:

eeprod ! ee0!eecat. [1]

Eq. 1 makes it easy to see that the
product ee will be lower than the cata-
lyst ee, even if the catalyst is only a
tiny fraction less than perfect (ee0 "
1). Now, let’s consider what happens in
the case of an autocatalytic reaction:
the newly formed product molecules;

at an ee lower than their antecedents,
serve as catalysts in further turnovers
of substrate to product. Thus, in each
cycle, the ee of the newly formed prod-
uct decreases further. In terms of the
total number of turnovers undertaken
in an autocatalytic reaction (TON, de-
fined as the moles of substrate con-
verted per mole of catalyst initially
present), the final ee product (eeprod,f)
will be given by Eq. 2 (16):

eeprod,f ! eecat,0!(TON # 1)(ee0 $ 1).

[2]

Fig. 1 demonstrates the results of any
simple asymmetric autocatalytic reac-
tion. Even an autocatalyst of very high
enantiopurity that is capable of produc-
ing itself in 99% ee will experience an
erosion of ee; after only 200 turnovers,
this catalyst ee will be "94%. An 88%
ee catalyst that produces itself in 88%
ee will show an erosion of product ee to
"50% for the same number of turn-
overs. Thus, we may predict that in the
eons of time because the first chiral
molecules were formed, any process of
pure autocatalytic self-replication would
lead inexorably to a racemic world! Au-
tocatalysis such as that demonstrated by
the Soai reaction clearly needs some-
thing more if it is going to be part of
our rationale for explaining the opposite
trend; that is, an ee that increases over
time.

Autocatalysis Plus Inhibition
The key to the Frank model (5) for
spontaneous asymmetric synthesis by
means of autocatalysis is the concept of

an ‘‘anticatalyst’’ in self-replicating sys-
tems. Frank (5) termed this idea ‘‘mu-
tual antagonism,’’ and it means that the
autocatalyst must be capable not only of
producing itself but also of suppressing,
or stopping, production of its enantio-
mer. Simple catalytic or autocatalytic
reactions offer no means of accomplish-
ing this result; however, when we put
autocatalysis together what we’ve
learned from mechanistic studies of
nonlinear effects in asymmetric catalysis,
we can begin to see how product ee can
increase over time in an autocatalytic
system.

The Frank model (5) imagines a mix-
ture of R and S species of unspecified
initial proportions, each of which acts
as a catalyst in its own self-production
and acts either to suppress or stop pro-
duction of its enantiomer. One mecha-
nism corresponding to the mathematics
of this model is the case where dimers
may form from the enantiomers. This
mechanism is outlined in Scheme 2.
Specific mutual antagonism corre-
sponds to the formation of an inactive
heterochiral dimer SR (Scheme 2 A).
This model provides us with an inhibi-
tion mechanism, because the dimer
acts as a reservoir to ‘‘siphon off’’ a
disproportionate fraction of the minor
enantiomer, thus allowing an ee in the
active monomer catalyst pool to build
up over repeated autocatalytic cycles.
If dimer formation is irreversible, the
antagonistic interaction is lethal; a less
severe suppression of self-replication
rate ensues when a dimer!monomer
equilibrium is allowed.

Fig. 1. Simple asymmetric autocatalytic reactions (unlike the Soai reaction) necessarily show an erosion
of ee over time. Plotted is the final product ee as a function of turnover number in asymmetric
autocatalytic reactions for two hypothetical of autocatalysts at different ee and different product
enantioselectivity: a catalyst with an initial eecat,0 ! 0.99 exhibiting an enantioselectivity of 0.99 (solid blue
line), and a catalyst with an initial eecat,0 ! 0.88 exhibiting an enantioselectivity of 0.88 (shaded magenta
line).
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asymmetric synthesis as ‘‘the formation
of enantiomerically enriched products
from achiral precursors without the in-
tervention of chiral chemical reagents or
catalysts’’ (23–25).

Thus, our first question is answered: it
becomes clear that the creation of a
small imbalance in enantiomers by
means of absolute asymmetric synthesis,
or what Siegel (26) refers to as the
‘‘shattered mirror,’’ is occurring all of
the time in our laboratories. Why then,
does observation of spontaneous achiral
symmetry breaking in chemical reactions
elude us? The reason is that most of the
time the shattered mirrors readily and
repeatedly put themselves back together
again. It is a rare case where the sym-
metry breaking is observable and persis-
tent, as in the Soai reaction. The
question is, what makes it observable in
this case? In trying to find an answer,
perhaps we have been focusing our at-
tention on the wrong part of the prob-
lem: instead of pondering the origin of
the initial imbalance, we need to under-
stand how this imbalance can be propa-
gated; that is, how can we prevent the
mirror from repairing itself?

Here is where autocatalysis, such as in
the example of the Soai reaction, has a
role to play. To understand this idea, we
take a closer look at Frank’s (5) model
for amplification in asymmetric autoca-
talysis. However, before we do this, we
need to highlight a key point that has
not received adequate attention in a
number of the recent discussions of am-
plification of ee in asymmetric autoca-
talysis. This point is: autocatalysis alone
is not enough.

Autocatalysis Alone
The failure of autocatalysis by itself to
rationalize asymmetric amplification in
autocatalytic reactions was discussed
qualitatively by Girard and Kagan (27),
and Blackmond (28) has provided a the-
oretical derivation. The argument is sim-
ple: let’s consider an asymmetric cata-
lytic reaction that yields a product of
ee0, when carried out by using enantio-
pure catalyst (eecat ! 1). For a simple
catalytic reaction; that is, one exhibiting
no nonlinear effects, the relationship
between the product ee observed, eeprod,
and the ee of the catalyst used, eecat, is
linear:

eeprod ! ee0!eecat. [1]

Eq. 1 makes it easy to see that the
product ee will be lower than the cata-
lyst ee, even if the catalyst is only a
tiny fraction less than perfect (ee0 "
1). Now, let’s consider what happens in
the case of an autocatalytic reaction:
the newly formed product molecules;

at an ee lower than their antecedents,
serve as catalysts in further turnovers
of substrate to product. Thus, in each
cycle, the ee of the newly formed prod-
uct decreases further. In terms of the
total number of turnovers undertaken
in an autocatalytic reaction (TON, de-
fined as the moles of substrate con-
verted per mole of catalyst initially
present), the final ee product (eeprod,f)
will be given by Eq. 2 (16):

eeprod,f ! eecat,0!(TON # 1)(ee0 $ 1).

[2]

Fig. 1 demonstrates the results of any
simple asymmetric autocatalytic reac-
tion. Even an autocatalyst of very high
enantiopurity that is capable of produc-
ing itself in 99% ee will experience an
erosion of ee; after only 200 turnovers,
this catalyst ee will be "94%. An 88%
ee catalyst that produces itself in 88%
ee will show an erosion of product ee to
"50% for the same number of turn-
overs. Thus, we may predict that in the
eons of time because the first chiral
molecules were formed, any process of
pure autocatalytic self-replication would
lead inexorably to a racemic world! Au-
tocatalysis such as that demonstrated by
the Soai reaction clearly needs some-
thing more if it is going to be part of
our rationale for explaining the opposite
trend; that is, an ee that increases over
time.

Autocatalysis Plus Inhibition
The key to the Frank model (5) for
spontaneous asymmetric synthesis by
means of autocatalysis is the concept of

an ‘‘anticatalyst’’ in self-replicating sys-
tems. Frank (5) termed this idea ‘‘mu-
tual antagonism,’’ and it means that the
autocatalyst must be capable not only of
producing itself but also of suppressing,
or stopping, production of its enantio-
mer. Simple catalytic or autocatalytic
reactions offer no means of accomplish-
ing this result; however, when we put
autocatalysis together what we’ve
learned from mechanistic studies of
nonlinear effects in asymmetric catalysis,
we can begin to see how product ee can
increase over time in an autocatalytic
system.

The Frank model (5) imagines a mix-
ture of R and S species of unspecified
initial proportions, each of which acts
as a catalyst in its own self-production
and acts either to suppress or stop pro-
duction of its enantiomer. One mecha-
nism corresponding to the mathematics
of this model is the case where dimers
may form from the enantiomers. This
mechanism is outlined in Scheme 2.
Specific mutual antagonism corre-
sponds to the formation of an inactive
heterochiral dimer SR (Scheme 2 A).
This model provides us with an inhibi-
tion mechanism, because the dimer
acts as a reservoir to ‘‘siphon off’’ a
disproportionate fraction of the minor
enantiomer, thus allowing an ee in the
active monomer catalyst pool to build
up over repeated autocatalytic cycles.
If dimer formation is irreversible, the
antagonistic interaction is lethal; a less
severe suppression of self-replication
rate ensues when a dimer!monomer
equilibrium is allowed.

Fig. 1. Simple asymmetric autocatalytic reactions (unlike the Soai reaction) necessarily show an erosion
of ee over time. Plotted is the final product ee as a function of turnover number in asymmetric
autocatalytic reactions for two hypothetical of autocatalysts at different ee and different product
enantioselectivity: a catalyst with an initial eecat,0 ! 0.99 exhibiting an enantioselectivity of 0.99 (solid blue
line), and a catalyst with an initial eecat,0 ! 0.88 exhibiting an enantioselectivity of 0.88 (shaded magenta
line).
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Mechanism of Soai Reaction

• Mutual Antagonism
“anticatalyst” : autocatalyst must be capable not 
only of producing itself but also of suppressing

The Problem with Unspecific Mutual
Antagonism
Mathematically, the concept of specific
mutual antagonism works to explain
asymmetric amplification in autocataly-
sis, but chemical considerations cause us
to wonder whether it would be more
realistic to allow the formation of both
homochiral and heterochiral dimers, as
shown in Scheme 2B. Homochiral and
heterochiral dimers figure in the Noyori
model (29) for nonlinear effects in the
catalytic alkylation of aldehydes with
dialkylzincs, suggesting that this might
be a good starting point for mechanistic
conjecture in the Soai (1) system. Asym-
metric amplification is achieved when
the equilibria governing dimer forma-
tion are biased toward formation of SR.
If there is no preference; that is, if the
equilibrium concentrations of RR, SS,
and SR are statistically determined, then
neither enantiomer is ‘‘pulled’’ preferen-
tially out of the active catalyst pool. This
result means the system has no way of
altering the initial imbalance between R
and S. In Noyori’s catalytic system (29),
this situation would lead to a linear rela-
tionship between catalyst and product
ee; in an autocatalytic system, this situa-
tion is called unspecific mutual antago-
nism, and under these conditions, Frank
(5) noted, any initial disproportion in
enantiomers is preserved, but not
amplified.

Studies of the Soai Reaction: A Paradox
Emerges
In the first detailed mechanistic studies
of the Soai reaction, Blackmond et al.
(30) made an interesting observation.
They noticed that for reactions carried
out under identical conditions, the ini-
tial rate for a racemic catalyst was ob-
served to be approximately one-half that
of an enantiopure catalyst; more impor-
tantly, that ratio was maintained
throughout the reaction, as shown in

Fig. 2. Why is that significant? Let’s
consider the implications of this result
in the context of the models described
above. The Soai reaction proceeds in
high ee, so for all practical purposes, we
can consider an enantiopure system con-
sisting of almost entirely R species
throughout, whereas a racemic system
maintains equal amounts of R and S
throughout the reaction. As an autocata-
lytic reaction proceeds, the catalyst dou-
bles in concentration, then doubles
again, and again. This reaction is neces-
sarily reflected in the rate, which is pro-
portional to catalyst concentration. If
the racemic catalyst exhibits a bias to-
ward the heterochiral dimer; as it must
if we are to observe amplification of ee,
then part of the R and S enantiomer
pool is shunted off, not only into the
inactive RR and SS reservoirs as it is for
the enantiopure catalyst but also into
the inactive SR reservoir that is signifi-
cant for nonenantiopure catalysts only.
Thus, the rate of production in the race-
mic system should start to lag behind

that of the enantiopure. Instead, as Figs.
2 and 3 show, the Blackmond et al. (30)
study revealed that the racemic system
keeps pace excellently with its enantio-
pure counterpart! This finding reveals
unequivocally that the reaction rate data
agree with what we have described here
as the Frank model (5) for unspecific
mutual antagonism. Now for the para-
dox: the rate data fit a model that says
there should be no asymmetric amplifi-
cation in ee; but amplification in ee is
the very phenomenon that is the hall-
mark of the Soai reaction system!
Indeed, asymmetric amplification was
observed experimentally in the Black-
mond et al. (30) studies when nonenan-
tiopure catalyst was used.

The Solution: Dimers Are the Catalysts
The paradox is resolved if we allow the
Soai reaction to follow a mechanism
related to Scheme 2B, but with a twist:
what whether it is not the monomers,
but instead the dimers, that serve as cat-
alysts? This mechanism is shown in
Scheme 3. In fact, the dimers dominate:
the kinetic studies suggest that the Soai
system (1) is driven toward stochastic
formation of homochiral and hetero-
chiral dimers (unspecific mutual antago-
nism), and the R and S monomers
themselves are present only in kineti-
cally insignificant concentrations. This
twist takes us full circle back to the ear-
liest theoretical work on nonlinear ef-
fects in asymmetric catalysis by Kagan
and coworkers (31, 32). The ML2
model, modified in this case for autoca-
talysis (33), allows us to account for am-
plification of ee by adding one simple
constraint: the homochiral and hetero-
chiral species must have different activi-
ties as catalysts. All we need to assume
to explain the amplification of ee is that

Fig. 2. Experimental reaction rate as a function of fraction conversion of the aldehyde 1b in the Soai
autocatalytic reaction shown in Scheme 1 employing enantiopure and racemic catalyst. The experimental
rate for the racemic catalyst has been multiplied by a factor of !2 (1.93).

Scheme 2. Models for including mutual antagonism in autocatalytic systems. (A) Specific mutual
antagonism: enantiomeric R and S catalysts form a reservoir of inactive heterochiral dimers. If the initial
ratio of S:R enantiomers is not 1:1, a greater fraction of the minor enantiomer is extracted into the dimer
reservoir, which has total S:total R ratio equal to 1:1. (B) Unspecific mutual antagonism: enantiomeric R
and S catalysts form a reservoir of inactive homochiral and heterochiral dimers in statistical proportions.
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the homochiral species is better at cata-
lyzing the reaction than is the hetero-
chiral species. As we discuss in the next
section, this hybrid model offers a ratio-
nalization of the Soai autocatalytic
reaction; accounting for ee and rate
observations, that is both simple as
well as gratifying in its implications for
the chemical origin of life.

Statistics and a Stroke of Luck
With this hybrid dimer model, we have
an elegant and simple solution to the
mystery of the evolution of homochiral-
ity: First, we can now accept the experi-
mentally observed statistical formation
of the dimers (Frank’s unspecific antag-
onistic interactions; ref. 5). This solution
makes sense when we consider that what
we are trying to describe is a world be-
fore a chiral pool existed. Design of spe-
cific stereochemical bias by modern
methods generally requires access to an
asymmetric template, and today we can
draw on the chiral pool for our building
blocks. Our proficiency in tuning desired
properties is reflected in the large num-
ber of efficient chiral ligands that have
been discovered for a wide variety of
chemical transformations. In a prebiotic
soup of simple molecules, however, the
resources for pulling off such a feat
would have been meager.

Second, we don’t have to give up on
asymmetric amplification, just because
the dimers are capable only of statistical
formation. Indeed, accounting for am-
plification of ee by assuming different
activities for the homochiral and hetero-
chiral dimers makes sense because they
are diastereomeric species. It may be
fortunate that the relative reactivities
turned out that SR is less active, and not
the reverse, in the Soai reaction; indeed,
if things had gone the other way, we
would ultimately have found ourselves
with a racemic product. Perhaps other
attempts at such stochastically deter-
mined dimer catalysts have gone
unmarked because of reversed hetero-
chiral!homochiral relative reactivities.
However, in this sense, luck; and per-
haps perseverance, may have played the
same role in the prebiotic chemistry that
ultimately established homochirality.
Statistics, and one stroke of luck; a dif-
ference in reactivity that ended up
working for us instead of against us, are
all that is required for us to find our-
selves in our homochiral world today.

Outlook
The first mechanistic studies on the Soai
reaction thus implicated a trimeric spe-
cies as the transition state for the reac-
tion; that is, two molecules of alcohol!
alkoxide in the dimeric catalysts and

one molecule of prochiral aldehyde sub-
strate, as shown in Scheme 4A. How-
ever, more recent work by Buono and
Blackmond (34) shows that this conclu-
sion is a coincidence of the fact that the
reactions were carried out at equimolar
ratios of aldehyde to dialkylzinc. When
the conditions were expanded to include
other substrate!reagent ratios, the ob-
served kinetics implicated a tetrameric
template, as shown in Scheme 4B. The
structure of these proposed species are
not known, and ongoing work is aimed
at elucidating these answers, but the stoi-
chiometries involved in the catalytic
event may be deduced from the kinetic
data. Higher-order species might also be
imagined, in which the catalyst is in a
state of further agglomeration. Recent
work (35) suggests that physical pro-
cesses such as selective precipitation
might also play a role in the asymmetric
amplification that led to the evolution of
homochirality. In addition, the role of
transport phenomena in the ‘‘open sys-
tem’’ (5, 36) represented by the probi-
otic world is a consideration that we
often neglect when we carry out reac-
tions in simple laboratory vials. The flux
of reactants and products in and out of
reactor ‘‘pools’’ may have contributed to
the evolution of homochirality. The pos-
sibility of precipitation-dissolution pro-
cesses contributing to asymmetric
amplification in such open systems
has been discussed by Welch (36).

The collection of chiral subunits into
higher-order species is an important
consideration in understanding the de-
velopment of homochirality in biological
function. The ‘‘minimal systems’’ for
self-replication developed by von Kied-
rowski (37, 38) and others for nucleic
acids (39), peptides (40, 41), small or-
ganic molecules (42), and ribozymes
(43) all represent autocatalytic systems
based on core templates larger than
those in the Soai reactions. However,
none of those systems involve prochiral
molecules, meaning that the origin of
the first imbalance in asymmetric cen-
ters is not at issue in these cases; when
we examine von Kiedrowski’s (37, 38)
autocatalytic system based on DNA hex-
amers, for example, we know we are
already firmly committed and residing in
the camp of the L-amino acids and the
D-sugars. We might agree with Cintas
and coworkers’ (44) view that the Soai
system represents a ‘‘triumph of reduc-
tionism’’ in helping us to understand the
chemical origin of life in molecular
terms, but we also accept his statement
that there remains a ‘‘large gap between
molecular chirality and molecular evolu-
tion.’’ Thus, further studies ought to be
aimed at trying to provide information
that might help close this gap.

Scheme 3. ML2 model for autocatalysis. The monomeric R and S enantiomers form homochiral (RR and
SS) and heterochiral (SR) dimers that themselves serve as the active catalysts in the autocatalytic reaction.

Fig. 3. Schematic depicting how the catalyst concentration increases for enantiopure and racemic
catalysts as the autocatalytic reaction of Scheme 1 proceeds, as predicted by the experimentally measured
reaction rates shown in Fig. 2.
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Mechanism of Soai Reaction

• A Paradox Emerges

The Problem with Unspecific Mutual
Antagonism
Mathematically, the concept of specific
mutual antagonism works to explain
asymmetric amplification in autocataly-
sis, but chemical considerations cause us
to wonder whether it would be more
realistic to allow the formation of both
homochiral and heterochiral dimers, as
shown in Scheme 2B. Homochiral and
heterochiral dimers figure in the Noyori
model (29) for nonlinear effects in the
catalytic alkylation of aldehydes with
dialkylzincs, suggesting that this might
be a good starting point for mechanistic
conjecture in the Soai (1) system. Asym-
metric amplification is achieved when
the equilibria governing dimer forma-
tion are biased toward formation of SR.
If there is no preference; that is, if the
equilibrium concentrations of RR, SS,
and SR are statistically determined, then
neither enantiomer is ‘‘pulled’’ preferen-
tially out of the active catalyst pool. This
result means the system has no way of
altering the initial imbalance between R
and S. In Noyori’s catalytic system (29),
this situation would lead to a linear rela-
tionship between catalyst and product
ee; in an autocatalytic system, this situa-
tion is called unspecific mutual antago-
nism, and under these conditions, Frank
(5) noted, any initial disproportion in
enantiomers is preserved, but not
amplified.

Studies of the Soai Reaction: A Paradox
Emerges
In the first detailed mechanistic studies
of the Soai reaction, Blackmond et al.
(30) made an interesting observation.
They noticed that for reactions carried
out under identical conditions, the ini-
tial rate for a racemic catalyst was ob-
served to be approximately one-half that
of an enantiopure catalyst; more impor-
tantly, that ratio was maintained
throughout the reaction, as shown in

Fig. 2. Why is that significant? Let’s
consider the implications of this result
in the context of the models described
above. The Soai reaction proceeds in
high ee, so for all practical purposes, we
can consider an enantiopure system con-
sisting of almost entirely R species
throughout, whereas a racemic system
maintains equal amounts of R and S
throughout the reaction. As an autocata-
lytic reaction proceeds, the catalyst dou-
bles in concentration, then doubles
again, and again. This reaction is neces-
sarily reflected in the rate, which is pro-
portional to catalyst concentration. If
the racemic catalyst exhibits a bias to-
ward the heterochiral dimer; as it must
if we are to observe amplification of ee,
then part of the R and S enantiomer
pool is shunted off, not only into the
inactive RR and SS reservoirs as it is for
the enantiopure catalyst but also into
the inactive SR reservoir that is signifi-
cant for nonenantiopure catalysts only.
Thus, the rate of production in the race-
mic system should start to lag behind

that of the enantiopure. Instead, as Figs.
2 and 3 show, the Blackmond et al. (30)
study revealed that the racemic system
keeps pace excellently with its enantio-
pure counterpart! This finding reveals
unequivocally that the reaction rate data
agree with what we have described here
as the Frank model (5) for unspecific
mutual antagonism. Now for the para-
dox: the rate data fit a model that says
there should be no asymmetric amplifi-
cation in ee; but amplification in ee is
the very phenomenon that is the hall-
mark of the Soai reaction system!
Indeed, asymmetric amplification was
observed experimentally in the Black-
mond et al. (30) studies when nonenan-
tiopure catalyst was used.

The Solution: Dimers Are the Catalysts
The paradox is resolved if we allow the
Soai reaction to follow a mechanism
related to Scheme 2B, but with a twist:
what whether it is not the monomers,
but instead the dimers, that serve as cat-
alysts? This mechanism is shown in
Scheme 3. In fact, the dimers dominate:
the kinetic studies suggest that the Soai
system (1) is driven toward stochastic
formation of homochiral and hetero-
chiral dimers (unspecific mutual antago-
nism), and the R and S monomers
themselves are present only in kineti-
cally insignificant concentrations. This
twist takes us full circle back to the ear-
liest theoretical work on nonlinear ef-
fects in asymmetric catalysis by Kagan
and coworkers (31, 32). The ML2
model, modified in this case for autoca-
talysis (33), allows us to account for am-
plification of ee by adding one simple
constraint: the homochiral and hetero-
chiral species must have different activi-
ties as catalysts. All we need to assume
to explain the amplification of ee is that

Fig. 2. Experimental reaction rate as a function of fraction conversion of the aldehyde 1b in the Soai
autocatalytic reaction shown in Scheme 1 employing enantiopure and racemic catalyst. The experimental
rate for the racemic catalyst has been multiplied by a factor of !2 (1.93).

Scheme 2. Models for including mutual antagonism in autocatalytic systems. (A) Specific mutual
antagonism: enantiomeric R and S catalysts form a reservoir of inactive heterochiral dimers. If the initial
ratio of S:R enantiomers is not 1:1, a greater fraction of the minor enantiomer is extracted into the dimer
reservoir, which has total S:total R ratio equal to 1:1. (B) Unspecific mutual antagonism: enantiomeric R
and S catalysts form a reservoir of inactive homochiral and heterochiral dimers in statistical proportions.
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Racemic rate should start to lag behind the 
enantiopure (due to heterodimer) to cause an 
amplification in ee.

Paradox:
the rate data fit a model that says there 
should be no asymmetric amplification in ee; 
but amplification in ee is the very 
phenomenon that is the hallmark of the Soai 
reaction system !
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• Solution: Dimeric Catalyst

the homochiral species is better at cata-
lyzing the reaction than is the hetero-
chiral species. As we discuss in the next
section, this hybrid model offers a ratio-
nalization of the Soai autocatalytic
reaction; accounting for ee and rate
observations, that is both simple as
well as gratifying in its implications for
the chemical origin of life.

Statistics and a Stroke of Luck
With this hybrid dimer model, we have
an elegant and simple solution to the
mystery of the evolution of homochiral-
ity: First, we can now accept the experi-
mentally observed statistical formation
of the dimers (Frank’s unspecific antag-
onistic interactions; ref. 5). This solution
makes sense when we consider that what
we are trying to describe is a world be-
fore a chiral pool existed. Design of spe-
cific stereochemical bias by modern
methods generally requires access to an
asymmetric template, and today we can
draw on the chiral pool for our building
blocks. Our proficiency in tuning desired
properties is reflected in the large num-
ber of efficient chiral ligands that have
been discovered for a wide variety of
chemical transformations. In a prebiotic
soup of simple molecules, however, the
resources for pulling off such a feat
would have been meager.

Second, we don’t have to give up on
asymmetric amplification, just because
the dimers are capable only of statistical
formation. Indeed, accounting for am-
plification of ee by assuming different
activities for the homochiral and hetero-
chiral dimers makes sense because they
are diastereomeric species. It may be
fortunate that the relative reactivities
turned out that SR is less active, and not
the reverse, in the Soai reaction; indeed,
if things had gone the other way, we
would ultimately have found ourselves
with a racemic product. Perhaps other
attempts at such stochastically deter-
mined dimer catalysts have gone
unmarked because of reversed hetero-
chiral!homochiral relative reactivities.
However, in this sense, luck; and per-
haps perseverance, may have played the
same role in the prebiotic chemistry that
ultimately established homochirality.
Statistics, and one stroke of luck; a dif-
ference in reactivity that ended up
working for us instead of against us, are
all that is required for us to find our-
selves in our homochiral world today.

Outlook
The first mechanistic studies on the Soai
reaction thus implicated a trimeric spe-
cies as the transition state for the reac-
tion; that is, two molecules of alcohol!
alkoxide in the dimeric catalysts and

one molecule of prochiral aldehyde sub-
strate, as shown in Scheme 4A. How-
ever, more recent work by Buono and
Blackmond (34) shows that this conclu-
sion is a coincidence of the fact that the
reactions were carried out at equimolar
ratios of aldehyde to dialkylzinc. When
the conditions were expanded to include
other substrate!reagent ratios, the ob-
served kinetics implicated a tetrameric
template, as shown in Scheme 4B. The
structure of these proposed species are
not known, and ongoing work is aimed
at elucidating these answers, but the stoi-
chiometries involved in the catalytic
event may be deduced from the kinetic
data. Higher-order species might also be
imagined, in which the catalyst is in a
state of further agglomeration. Recent
work (35) suggests that physical pro-
cesses such as selective precipitation
might also play a role in the asymmetric
amplification that led to the evolution of
homochirality. In addition, the role of
transport phenomena in the ‘‘open sys-
tem’’ (5, 36) represented by the probi-
otic world is a consideration that we
often neglect when we carry out reac-
tions in simple laboratory vials. The flux
of reactants and products in and out of
reactor ‘‘pools’’ may have contributed to
the evolution of homochirality. The pos-
sibility of precipitation-dissolution pro-
cesses contributing to asymmetric
amplification in such open systems
has been discussed by Welch (36).

The collection of chiral subunits into
higher-order species is an important
consideration in understanding the de-
velopment of homochirality in biological
function. The ‘‘minimal systems’’ for
self-replication developed by von Kied-
rowski (37, 38) and others for nucleic
acids (39), peptides (40, 41), small or-
ganic molecules (42), and ribozymes
(43) all represent autocatalytic systems
based on core templates larger than
those in the Soai reactions. However,
none of those systems involve prochiral
molecules, meaning that the origin of
the first imbalance in asymmetric cen-
ters is not at issue in these cases; when
we examine von Kiedrowski’s (37, 38)
autocatalytic system based on DNA hex-
amers, for example, we know we are
already firmly committed and residing in
the camp of the L-amino acids and the
D-sugars. We might agree with Cintas
and coworkers’ (44) view that the Soai
system represents a ‘‘triumph of reduc-
tionism’’ in helping us to understand the
chemical origin of life in molecular
terms, but we also accept his statement
that there remains a ‘‘large gap between
molecular chirality and molecular evolu-
tion.’’ Thus, further studies ought to be
aimed at trying to provide information
that might help close this gap.

Scheme 3. ML2 model for autocatalysis. The monomeric R and S enantiomers form homochiral (RR and
SS) and heterochiral (SR) dimers that themselves serve as the active catalysts in the autocatalytic reaction.

Fig. 3. Schematic depicting how the catalyst concentration increases for enantiopure and racemic
catalysts as the autocatalytic reaction of Scheme 1 proceeds, as predicted by the experimentally measured
reaction rates shown in Fig. 2.
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the dimers during their formation (Figure 2b).10 Modification for
the case of autocatalysis gives eq 1 for reaction rate and eq 2
describing the change in catalyst (product) ee with conversion of
substrate. The ratio of rates for enantiopure and racemic catalysts
remains constant over the course of the reaction (! ) 1 for
racemic and remains approximately zero for enantiopure catalysts
in reactions giving high ee product). For catalysts with intermedi-
ate ee values, the rate compared to enantiopure catalyst changes
with conversion (in these cases, ! is a continuously changing
function of the catalyst ee).

This modified ML2 model11 applied simultaneously to the
reaction rate data from all three runs in Figure 1 gave an excellent
fit for parameters describing a statistical distribution of dimers
(Kdimer ) 4) and an inactive heterochiral dimer.12 Figure 3 shows
the experimental enantioselectivity as a function of conversion
for the 43% ee catalyst compared to that calculated from the fit
of the reaction rate data according to eqs 1 and 2. The excellent
agreement from data obtained independently offers further support
for the kinetic model. Such significant amplification of enanti-
oselectivity with no disposition toward a heterochiral dimer may
have implications for spontaneous asymmetric synthesis.
All of the examples of autocatalysis discovered by Soai and

coworkers involve rigid γ-amino alcohols as catalysts. Reactions
of the corresponding aldehydes with ZnPri2 were carried out at 0
°C, compared to our experiments at ambient temperature. Ef-
ficiency varies, with the most spectacular levels of amplification
obtained from the 4-alkynylpyrimidine 4 or its close relatives
(Figure 4). All of these results are in accord with the dimeric

catalyst model reported here if it is recognized that a slight
increase in selectivity toward racemic dimer formation as tem-
perature is lowered can lead to markedly enhanced asymmetric
amplification.13 It should also be noted that this system displays
condition-dependent complexities. Contribution from a slow but
significant background reaction triggering racemic autocatalysis
may be minimized only by employing higher catalyst concentra-
tions.14
The rigid nature of the secondary alcohol products precludes

mononuclear chelation in the corresponding zinc alkoxide, and
predicates the system toward formation of the postulated dimers.
Supportive evidence for their feasibility comes from the X-ray
crystal structure of ZnX2 complexes of diethylnicotinamide 7a
and 7b.15 The macrocyclic bimetallic chelate of 8 derived from
alcohol 2 exhibits an homologous arrangement, with formally
tricoordinate zinc.16 Preliminary 1H NMR studies on these are
consistent both with the existence of dimeric Zn alkoxides and a
lack of selectivity in association, exhibited in the Ar-CH3 signal.17

In summary, a simple dimeric catalyst model explains the broad
features of asymmetric autocatalysis quite strikingly. The two Zn
atoms in compound 8 are nicely disposed toward bimetallic N,O-
coordination of aldehyde 1,10a providing a template for attack of
ZnPri2. The required stereospecificity of this process is under
active investigation.
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Figure 3. Enantiomeric excess as a function of fraction conversion, x,
using catalyst 2 with 43% ee. (b) Data; (-) calculated from heat flow.
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Figure 4. Examples of asymmetric amplification from ref 4. Numbers
in brackets give initial and final catalyst ee values for reactions at 273 K
with 20 mol % catalyst in toluene.
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the hybrid dimer model explains the rate data perfectly

All we need to assume to explain the amplification of ee is that 
the homochiral species is better at catalyzing the reaction than is 
the heterochiral species.
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Mechanism of Soai Reaction

• Additional Mechanistic Evidence

Another point comes to mind when
the Soai reaction is compared to com-
plex systems exhibiting self-replication,
such as those involving nucleic acids and
peptides. We can see from the discus-
sion above that the Soai reaction has
provided considerable food for thought
concerning possible mechanisms for the
evolution of biological homochirality
from a small imbalance of enantiomeric
precursors. However, as mentioned be-
fore, the particular chemistry of this
reaction; that involving dialkylzinc com-

pounds, is unlikely in itself to have been
of importance in an aqueous prebiotic
soup. Therefore, the search continues
for other organic transformations that
could provide a closer model for how
asymmetric amplification in the prebi-
otic world could have occurred. Here,
we might turn to enzymes for inspira-
tion to help us take lessons from the
ways in which simple organic molecules
are constructed and combine these with
concepts we have developed about how
asymmetric amplification might be ef-
fected in such systems.

Summary
The evolution of biological homochiral-
ity can be explained by a model in
which an initial tiny imbalance of enan-
tiomers is amplified. By using the re-
markable Soai reaction as a model, this
essay has described the key concepts
necessary for this model to be viable.
Although absolute asymmetric syntheses
occur around us all of the time simply
by virtue of statistics, the maintenance
of such an imbalance, and its amplifica-
tion by chemical means, requires a
special kind of autocatalytic reaction.
Amplification of ee can only result if a
means exists to suppress the catalytic
action of the ‘‘wrong’’ hand of the cata-
lyst. Experimental studies of the Soai
reaction reveal that statistical formation
of dimer catalyst species coupled with
lower activity of the heterochiral dimer
is sufficient to rationalize the evolution
of high ee from a tiny initial imbalance.
This general mechanism could be effec-
tive in a world of simple organic mole-
cules such as those likely to have been
present in the prebiotic world.
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Mechanism of Soai Reaction

tions, we proposed the mechanism shown in Scheme 2,
where R2 and S2 are the homochiral dimers; RS is the heter-
ochiral dimer; Z is diisopropylzinc; (R2Z2)I and (R2Z2)II,
(S2Z2)I and (S2Z2)II, and (RSZ2)I and (RSZ2)II are type I and
type II constitutional isomers of zinc-saturated dimers; A is
the aldehyde 1, and the abbreviations of the remaining com-
plexes are self-explanatory.[10]

The mechanism consists of fully enantioselective catalytic
cycles driven by the homochiral dimer R2 (left-hand side of
Scheme 2) and its mirror image (right-hand side of
Scheme 2). The two enantiomeric cycles are chemically con-
nected through statistical equilibrations of homo- and heter-
ochiral, as well as free and zinc-saturated, dimers. The cata-
lytic cycle driven by the heterochiral dimer RS is not shown
in Scheme 2 because it does not effectively compete with
the two homochiral cycles.[10] Indeed, to observe chiral am-
plification it is required that the heterochiral dimer is signifi-
cantly less reactive than the homochiral dimers. In this way
the heterodimer acts like a trap
that leaves the excess of the
majority enantiomer as the
dominant catalyst in solution.[11]

For the sake of illustration, the
homochiral “all-R” catalytic
cycle is translated at the molec-
ular level in Scheme 3, where
the used nomenclature is ex-
plained below. To date this is
the only mechanistic proposal
for the Soai reaction detailed at
the molecular level that is con-
sistent with kinetic results and
further corroborated by loca-
tion and characterization of the
transition states of the two irre-
versible steps.[10]

The cycle begins with the
dimer of 2-R, that is, 3-R2,
which binds two molecules of
iPr2Zn to yield the adduct 4-R2

[! (R2Z2)I in Scheme 2]. The
latter undergoes isomerization
to the active form of the cata-
lyst 5-R2 [! (R2Z2)II in
Scheme 2], which upon binding
two molecules of aldehyde 1
yields 6-R,anti-R,anti-P (!
R2Z2A2 in Scheme 2). The hexa-ACHTUNGTRENNUNGmolecular complex 6-R,anti-
R,anti-P evolves toward the
rate-determining transition
state, in which one of the two
symmetrically equivalent Zn-
bound isopropyl groups, for ex-
ample, that encircled in the 6-
R,anti-R,anti-P structure, irre-
versibly attacks the aldehydic

Scheme 2. Proposed mechanism for the Soai autocatalytic reaction.

Scheme 3. Fully enantioselective catalytic cycle of the homochiral dimer 3-R2.
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Replication Models

A. Vidonne, D. PhilpMICROREVIEW
Biological systems demonstrate that chemical replication

is possible and reveals that template effects are key to its
success. However, a number of fundamental questions re-
main. Can molecules replicate themselves efficiently with-
out the aid of enzymes or external cofactors? Are nucleic
acids unique in their ability to store and transmit infor-
mation at a molecular level? During the last twenty years,
chemists have devised[3] numerous non-enzymatic synthetic
self-replicating systems in an attempt to answer these ques-
tions. These chemical model systems have also been de-
signed in order to elucidate the essential principles of mo-
lecular self-replication, to identify the minimal require-
ments, to better understand the scope and the limitations,
and to translate the principles into synthetic systems. From
a chemical perspective, the emergence of a synthetic ma-
chinery that is capable of directing its own synthesis and
co-operating with other systems to create an organized hier-
archy is an important and challenging target. Achieving this
goal could have a significant impact on the fabrication of
molecular architectures at the nanometer scale. The cre-
ation of molecules that function as specific and efficient
templates for the formation of themselves and others
should permit the development of efficient protocols that
allow us to establish and manage replication, organization
and evolution within synthetic supramolecular assemblies.
This approach to designed dynamic behaviour has become
known[4] as systems chemistry. Ultimately, these pro-
grammed systems can be exploited in the construction, se-
lection and amplification of large molecular and supra-
molecular assemblies.

In the last twenty years, a considerable body of work
has emerged on non-enzymatic synthetic replicating systems
based on nucleic acids,[5] peptides[6] and small organic mole-
cules. In the present context, we wish to focus on replicating
systems based on small organic molecules which exploit a
range of covalent bond forming reactions and recognition
elements in order to bring about replication.

2. Replication Models

In the most general sense, a replicator is a molecule, or
an assembly of molecules, whose rate of formation can be
increased through the action of a template bearing recogni-
tion elements which are complementary to those on the rep-
licator. At the simplest level, this template effect can operate
in one of two ways. Firstly, the replicator can act as a cata-
lyst for its own creation from simpler building blocks – a
process known as minimal or self-replication. This model
requires the replicator to be an autocatalyst and, therefore,
it must template its own formation. The replicator preorga-
nizes its precursors through molecular recognition in a de-
fined spatial arrangement permitting the transfer of key
structural information allowing it to template the formation
of an exact copy of itself. The processes involved in minimal
replication are encapsulated schematically in three possible
reaction channels (Figure 1).

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 593–610594

Figure 1. The minimal model of self-replication. Reagents A and B
can react through three pathways – an uncatalyzed bimolecular
reaction, a recognition-mediated pseudounimolecular pathway me-
diated by a binary complex [A·B] and a recognition-mediated pseu-
dounimolecular autocatalytic cycle mediated by a ternary complex
[A·B·T].

The first channel is the uncatalyzed bimolecular reaction
between reagents A and B to afford the template T. A key
requirement of the minimal model is that A and B bear
complementary recognition sites such that A and B can as-
sociate with each other to form a binary complex, [A·B].
The presence of this complex opens a second reaction chan-
nel – the binary complex channel – in which A and B are
preorganized with respect to each other and the reaction
between them is pseudointramolecular. The product of this
reaction channel is a closed template Tinactive in which the
recognition used to assemble the binary complex lives on in
the template. Thus, although rate acceleration is achieved
by this mechanism, this template is usually[7] inert catalyti-
cally. The third reaction channel available to the system is
the autocatalytic cycle. In this channel, A and B bind revers-
ibly to the open template T to form a catalytic ternary com-
plex [A·B·T]. In a manner similar to the [A·B] complex, the
reaction between A and B is also rendered pseudointramo-
lecular. Bond formation occurs between A and B to give
the product duplex [T·T], which then dissociates to return
two molecules of T to the start of the autocatalytic cycle.
Thus, assuming the open template T presents its recognition
sites in the correct orientation, it can act as a template for
its own formation, transmitting molecular information
through the formation of identical copies of itself. Self-rep-
lication is therefore a subset of autocatalytic[8] reactions. In
an autocatalytic reaction, the product formed in the reac-
tion mixture is a catalyst for the same reaction. A system
in which self-replication is operating can be defined as an
autocatalytic reaction capable of transmitting structural in-
formation. This information can be stored as constitution,
configuration, or long-living conformation. Key design ele-
ments in this model of replication are minimization of (a)
reaction flux through the binary complex reaction channel
and (b) inefficient autocatalysis as a result of product inhi-
bition arising from an excessively stable product duplex
[T·T].

The model of self-replication discussed thus far involves
self-complementary structures. However, template effects in
a replication cycle can also operate in a reciprocal sense.

Chemistry of Artificial Replicators

The paradigm is DNA replication – the two strands of the
double helix are not identical; one strand acts as a template
for the formation of its complementary partner. The differ-
ence in template complementarity between minimal and re-
ciprocal self-replication is a key distinction between these
two types of system. In a minimal system, the template is
self-complementary, whereas in a reciprocal system a pair
of templates are complementary to each other. Therefore,
reciprocal replicating systems rely on two interlinked cross-
catalytic cycles in which the two templates catalyze the for-
mation of each other. The processes involved in reciprocal
replication are encapsulated schematically in Figure 2.

Figure 2. The reciprocal model of self-replication. Compounds C
and D can react to form the template TCD, and, similarly, com-
pounds E and F can react to form template TEF. TCD and TEF are
mutually complementary. TCD is capable of assembling E and F
into the ternary complex [E·F·TCD] which catalyses the formation
of TEF. Similarly, TEF is capable of assembling C and D into the
ternary complex [C·D·TEF] catalyzing the formation of TCD. These
two interlinked cross-catalytic cycles represent a formal reciprocal
replication cycle.

In these systems, compounds C and D can react to form
the template TCD, and, similarly, compounds E and F can
react to form template TEF. Since the four reactive partners
bear appropriate recognition sites and since TCD and TEF

are mutually complementary, TCD is capable of assembling
E and F into the ternary complex [E·F·TCD]. This ternary
complex intramolecularizes the reaction between E and F
and, hence, catalyzes the formation of TEF. Similarly, TEF is
capable of assembling C and D into the ternary complex
[C·D·TEF] and, hence, catalyzes the formation of TCD. These
two interlinked cross-catalytic cycles represent a formal re-
ciprocal replication cycle. It is, however, important to note
that the complexity of this system can increase dramatically
depending on the nature of the chemical reaction which
forms the two templates. In the case where the reaction be-
tween C and D and the reaction between E and F are or-
thogonal, only one reciprocal replication cycle is present in
the system. However, if C can react with E and D with F,
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four replication cycles are possible: two minimal replication
cycles – TCE and TDF may self-replicate – and the original
reciprocal replication cycle TCD ! TEF and TEF ! TCD.
Additionally, the minimal replicators TCE and TDF may
cross-catalyze the formation of each other.

3. Analysis of Replicating Systems

One of the biggest challenges which faces a researcher
investigating replicating systems is the adequate characteri-
zation of all of the processes that occur in the system under
study. For a minimal replicating system, during the initial
stages of the reaction, the product T is formed relatively
slowly through the bimolecular channel. Thus, the reaction
will exhibit an induction or lag period. Once the concentra-
tion of T reaches a level that permits the formation of a
significant amount of the catalytic ternary complex [A·B·T],
the autocatalytic cycle begins to operate. Since each turn of
the cycle doubles the amount of template present in solu-
tion, the product concentration should increase exponen-
tially, before reaching a plateau when all reactants are con-
sumed. Thus, the concentration–time profile of a replicating
system should, in principle, be a sigmoidal, or “S”-shaped,
curve. Therefore, a thorough analysis of the kinetic behav-
iour of the system is essential to analyze a replicator fully.

In order to demonstrate that the formation of a particu-
lar product is, indeed, the result of self-replicating behav-
iour, it is necessary to perform several control experiments.
Firstly, it is necessary to identify a control compound which
possesses the same chemical functionality as the building
blocks of the replicator, but which is incapable of participat-
ing in any recognition-mediated processes. In practice, this
control compound usually has its recognition site ob-
structed or removed. Measurement of kinetic data using
this control compound provides a comparative baseline for
all of the other studies. Secondly, since the efficient opera-
tion of a self-replicating system hinges on the reversible
binding events that occur during the autocatalytic cycle, it
is important to demonstrate the reliance of the reaction on
molecular recognition. Hence, the addition of a competitive
inhibitor, which is unreactive but is capable of binding to
the recognition sites present in A, B and T, to the reaction
mixture will interfere with these crucial recognition pro-
cesses. This interference will, in turn, disrupt the autocata-
lytic cycle resulting in a decrease in the rate of the reaction
and/or its selectivity, often accompanied by disappearance
of the sigmoidal curve. The final, critical experiment that
provides evidence that self-replication is operating within a
system can be obtained by doping the reaction with the
product T itself. The presence of pre-synthesized template
T at the beginning of the reaction should result in a loss of
the initial lag period in the rate profile for the reaction,
providing evidence that the reaction is templated-directed.
However, it is important to point out that if the association
constant of the product duplex is extremely high, adding
template may not, in fact, add significant amounts of cata-
lytically active free template to solution.

Minimal model Reciprocal model

D. Philip  Eur. J. Org. Chem. 2009, 593-610 
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The Art of Self-Replicator

link: 有機化学美術館（http://www.org-chem.org/yuuki/replica/replica.html） 
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1st Generation of Self-Replicating System

interaction by hydrogen bonding 
between adenine and imide 

J. Rebek, Jr J. Am. Chem. Soc. 1990, 112, 1249-1250

• Discovery of Synthetic Self-Replicator
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1st Generation of Self-Replicating System

• Simple Amide as Catalyst

F. M. Menger J. Am. Chem. Soc. 1994, 116, 3613-3614; J. Org. Chem. 1995, 60, 2870-2878

3614 J. Am. Chem. SOC., Vol. 116, No. 8, 1994 Communications to the Editor 

integration was achieved with the aid of an internal standard. 
Hardly any observable difference exists between the amide 4 and 
control 9 additives over a 100-min trace. In the world of small 
catalytic effects, control 9 performs well. And Rebek's auto- 
catalysis, whatever its source, does not require the precise 
geometric fit implied by the structure of the termolecular complex 
5 in Scheme 1. 

Since the "southern" control 7 and the "northern" control 8 are 
not catalysts, whereas control 9 does indeed accelerate the 
aminolysis, one might suspect that the central portion of control 
9 (the amide group) plays a key role. This turned out to be the 
case. 2-Naphthoamide (0.5 equiv) catalyzes the reaction under 
standard conditions by 13%. Acetamide (1 equiv) manifests a 
catalysis almost as large as that of the amide 4 "template" 
(compare Figures 1B and 1 D). N-Methylpropionamide (1 equiv) 
provides a 3 1% rate increase by 19F NMRand a long-term profile 
(Figure 2) within experimental error of amide 4. Since Rebek's 
catalysis can be achieved using four different amides? a template- 
based mechanism for amide 4 becomes superfluous. 

Although catalyses of less than 2-fold may be too feeble to 
warrant a detailed mechanistic rationale, the classic work of L. 
M. Litvinenko*osegxirelevant to the problem. Litvinenkoshowed 
that carboxamides are effective catalysts in the acylation of amines 
by acid chlorides in benzene. He favored an 0-nucleophilic 
catalysis, although one cannot discount assisted proton transfers 
among ionic tetrahedral intermediates in the aprotic media. 
Whatever the precise mechanism, rate enhancements of 1 0-fold 
or more were obtained with amide concentrations equivalent to 
ours. The 2040% catalyses observed with the Rebek system are 
most readily explained by a similar effect (although smaller in 
magnitude owing, no doubt, to the use of a less reactive carboxylic 
acid derivative). Note that Litvinenko found no catalysis with 
imides, consistent with our observation that control 7 fails to 
accelerate the Rebek acylations. 

Our reasoning, therefore, reduces toa simplesyllogism: Amides 
accelerate acylations. Rebek's "template" contains an amide. 
Therefore, the catalyzed acylations of Rebek could derive from 
the presence of the amide. 

In summary, control 9 (a noncomplementary analog of amide 
4) shows similar kinetic characteristics to amide 4. Moreover, 
acetamide duplicates the catalysis of amide 4. It thus seems 
premature to assume at this point that a self-replicating system, 
predicated upon a template-directed autocatalysis, is in hand 
under the conditions of our experiments.llJ2 
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Figure 1. Initial rates of pcntafluorophenol formation in the reaction of 
amide 1 (0.03 M) with ester 2 (0.03 M) in CDCI3 in the presence of: 
A, no additive: B, 0.03 M amide 4; C, 0.03 M control 9; and D, 0.03 M 
acetamide. Reactions were monitored by 19F NMR at  25.0 "C. 
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Figure 2. Time course for formation of amide 4 in the reaction between 
amine 1 and cster 2 in CDCl3 in the presence of amide 4, amide 9, and 
N-methylpropionamide (all a t  0.03 M). Reactions were monitored for 
the production of amide 4 by IH NMR at  25.0 "C. Error in the initial 
rates is estimated to be *15%. Note that the rates in the latter part of 
the reaction (unexamined by Rebek') are identical. 
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analog, 9, is seen even more strikingly in Figure 2, in which the 
production of amide was monitored by 1H NMR.8 Accurate 

(8) It was considered desirable to utilize two independent methods of 
analysis. Thus, monitoring amide 4 production by 'H NMR was carried out 
in addition to monitoring pcntafluorophenol production by l9F NMR. The 
latter was the more precise. 
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(9) The Rebek mechanism is complicated, and an additive that binds to 
the reactants can be perturb the rate apart from any effect on a kinetic step. 
Thisis why westudiedsimpleamideadditives,asopposed to thcsewith multiple 
binding sites (see l l b  in ref lb), to test amide catalysis. 

(10) Titski!, G. D.; Litvinenko, L. M. Zh. Obsch. Khfm. 1970,40,2680. 
( I  1) Reactions were carried out by adding amine 1 in CDCI, to a CDCl3 

solution of ester 2 (plus a control compound if used) in an NMR tube. The 
tube was then placed in an NMR spectrometer probe thennostated at 25 
0.1 "C. Rebelr's studies were carried out at ambient temperature (21.5-23 
"C). Integrations of the 19F NMR spectra were performed in an absolute 
intensity mode. Integrations of the 1H NMR spectra were performed in both 
the absolute intensity mode and using CH,OH in a coaxial tube as an external 
standard (the two methods agreeing to within the experimental error of 36%). 
Control 9, synthesized by thegeneral route alreadydescribcd,*gave thecorrect 
NMR and MS spectra. Anal. Calcd for C32H37N708; C, 59.43; H, 5.76; N, 
15.14. Found: C, 59.37; H, 5.78; N, 15.00. 

(12) Rekk er al.1 found that the ca. 40% catalysis remained unchanged 
when the concentrations of 1, 2, and 4 were decreased 10-fold each. This is 
baffling because the key tennolecular complex (5) is highly concentration- 
dependent. We observed no amide catalysis at 4 mM N-methylpropionamide 
and 8 mM 1 + 2. Further kinetic work will clarify these observations. 
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integration was achieved with the aid of an internal standard. 
Hardly any observable difference exists between the amide 4 and 
control 9 additives over a 100-min trace. In the world of small 
catalytic effects, control 9 performs well. And Rebek's auto- 
catalysis, whatever its source, does not require the precise 
geometric fit implied by the structure of the termolecular complex 
5 in Scheme 1. 

Since the "southern" control 7 and the "northern" control 8 are 
not catalysts, whereas control 9 does indeed accelerate the 
aminolysis, one might suspect that the central portion of control 
9 (the amide group) plays a key role. This turned out to be the 
case. 2-Naphthoamide (0.5 equiv) catalyzes the reaction under 
standard conditions by 13%. Acetamide (1 equiv) manifests a 
catalysis almost as large as that of the amide 4 "template" 
(compare Figures 1B and 1 D). N-Methylpropionamide (1 equiv) 
provides a 3 1% rate increase by 19F NMRand a long-term profile 
(Figure 2) within experimental error of amide 4. Since Rebek's 
catalysis can be achieved using four different amides? a template- 
based mechanism for amide 4 becomes superfluous. 

Although catalyses of less than 2-fold may be too feeble to 
warrant a detailed mechanistic rationale, the classic work of L. 
M. Litvinenko*osegxirelevant to the problem. Litvinenkoshowed 
that carboxamides are effective catalysts in the acylation of amines 
by acid chlorides in benzene. He favored an 0-nucleophilic 
catalysis, although one cannot discount assisted proton transfers 
among ionic tetrahedral intermediates in the aprotic media. 
Whatever the precise mechanism, rate enhancements of 1 0-fold 
or more were obtained with amide concentrations equivalent to 
ours. The 2040% catalyses observed with the Rebek system are 
most readily explained by a similar effect (although smaller in 
magnitude owing, no doubt, to the use of a less reactive carboxylic 
acid derivative). Note that Litvinenko found no catalysis with 
imides, consistent with our observation that control 7 fails to 
accelerate the Rebek acylations. 

Our reasoning, therefore, reduces toa simplesyllogism: Amides 
accelerate acylations. Rebek's "template" contains an amide. 
Therefore, the catalyzed acylations of Rebek could derive from 
the presence of the amide. 

In summary, control 9 (a noncomplementary analog of amide 
4) shows similar kinetic characteristics to amide 4. Moreover, 
acetamide duplicates the catalysis of amide 4. It thus seems 
premature to assume at this point that a self-replicating system, 
predicated upon a template-directed autocatalysis, is in hand 
under the conditions of our experiments.llJ2 
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Figure 1. Initial rates of pcntafluorophenol formation in the reaction of 
amide 1 (0.03 M) with ester 2 (0.03 M) in CDCI3 in the presence of: 
A, no additive: B, 0.03 M amide 4; C, 0.03 M control 9; and D, 0.03 M 
acetamide. Reactions were monitored by 19F NMR at  25.0 "C. 
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Figure 2. Time course for formation of amide 4 in the reaction between 
amine 1 and cster 2 in CDCl3 in the presence of amide 4, amide 9, and 
N-methylpropionamide (all a t  0.03 M). Reactions were monitored for 
the production of amide 4 by IH NMR at  25.0 "C. Error in the initial 
rates is estimated to be *15%. Note that the rates in the latter part of 
the reaction (unexamined by Rebek') are identical. 

Scheme 2 

H 

7 

8 

I 

HNYo 

0 

analog, 9, is seen even more strikingly in Figure 2, in which the 
production of amide was monitored by 1H NMR.8 Accurate 

(8) It was considered desirable to utilize two independent methods of 
analysis. Thus, monitoring amide 4 production by 'H NMR was carried out 
in addition to monitoring pcntafluorophenol production by l9F NMR. The 
latter was the more precise. 
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Scheme 2. A Non-Self-Replicative Mechanism 
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ing pentafluorophenol as a bonafide product had to be 
confronted directly, and in any case, a second independ- 
ent analytical method is always beneficial. Thus, we 
followed the growth of the ribose H2’ proton signal of 4 
bee 5) as a function Of time using an external 
standard (methanol). Since this method suffers from the 
same background problems as Rebek’s HPLC 

trations mentioned earlier. Rather, the experiments 
under the exact Rebek conditions were required to test 
the claim that the mechanism changes from 8 to 2 mM. 

Concentrations of 1.67 mM amine 1 and ester 8 were 
used along with 0.5 equiv of 4 as a potential catalyst. 
These concentrations me slightly less than the lowest 
used by Rebek. Analysis of the amide product (Scheme 

of 4, the accuracy of the data is only about *12%* 3) was accomplished with 1H NMR. Figure 7 shows that 
6c for the reaction Of mM amine VcaJVuncat = 2.1, a catalysis exceeding any observed by 

shows Rebek. The against Scheme 1 is, therefore, 
Arguments by Rebek that the self-replicative 

and nonbinding ester Plus Oe5 equiv Of 
agreement with the corresponding lgF NMR- decisive. based run (figure 6B). Rebek’s “template” catalyzes the 

aminolysis of an ester that is unable to bind, and thus 
Scheme 1 can be discarded. 

Not only did we utilize a second independent analytical 
method, we also examined a second nonbinding ester, 
ester 8. We furthermore decided to study ester 8 at 
Rebek’s lowest concentration of 2 mM since the argument 
has been made that concentration is critical. In no way 
does the decision t o  operate at 2 mM abrogate our 
misgivings about the problems inherent to low concen- 

mechanism operates primarily at low concentration, 
where until this point we had yet to  explore, have been 
effectively eliminated. 

The high impact of our experiments with esters 7 and 
8 must be stressed. One can always Conjure UP multiple 
reasons for a particular control system giving negative 
results (Le. no effect on the rate). But a tangible presence 
of catalysis, as observed with 7 and 8, cannot be dis- 
missed. Whatever the mechanism for catalysis, it must 
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Scheme 1. Rebek's Self-Replicative Mechanism 
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2 mM initial concentration of 1 and 2 plus 0.5 equiv of 
amide. We, on the other hand, had used concentrations 
of 8 mM and higher (for reasons that will become clear 
shortly). Thus, Rebek claimed that his group was 
observing a self-replicating mechanism (Scheme 1) at 2.2 
mM, whereas we were likely observing amide catalysis 
a t  the higher concentrations. Although a change of 
mechanism over a 4-fold concentration range seemed 
unlikely to us, it could not be excluded. This is, after 
all, a very complicated system. Further experimentation 
was deemed necessary. 

Fortunately, there existed a simple and definitive test 
for Scheme 1. The self-replicative mechanism is pre- 
dicted upon a termolecular complex (6) in which amine 
1, ester 2, and template 4 are all hydrogen-bonded to each 
other. Thus, Rebek's mechanism demands that catalysis 
would be absent with esters that lack hydrogen-bonding 

sites. Such esters cannot, obviously, engage in the 
formation of a termolecular complex. On the other hand, 
the amide-catalysis alternative predicts that 4 might 
indeed catalyze the aminolysis of nonbinding esters 
because a termolecular complex is not invoked. These 
considerations prompted us, therefore, to investigate the 
behavior of the two non-hydrogen-bonding esters shown 
below. Experiments with these two esters should settle 
the question conclusively. 
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A Critique of Scheme 1 

It is instructive to examine in more detail the factors 
that motivated our experimental testing of the Rebek 
mechanism: 

(9) Wintner, E. A.; Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 

(10) Su, C.-W.; Watson, J. W. J. Am. Chem. SOC. 1974, 96, 1854. 
1994,m,aa23.  
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amide works as a base?
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• Control Experiment

J. Rebek, Jr J. Am. Chem. Soc. 1994, 116, 8823-8824; J. Org. Chem. 1995, 60, 7997-8001

exclude the function of self-replicator 
as a simple chemical catalysis
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1st Generation of Self-Replicating System

• Exclusion of Internal Amide Catalysis

O

NH2
O

NH2

cis amide and primary amide can 
catalyze the formation of amide 

BUT self-replicator is trans amide

J. Rebek, Jr J. Am. Chem. Soc. 1994, 116, 8823-8824; J. Org. Chem. 1995, 60, 7997-8001
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1st Generation of Self-Replicating System

• Settlement of The Controversy : Kinetic Study

and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
K5 ) K10 ) K11 ) K12 ) K14 ) K15 ) K16 ) K17 ) K18 ) 100
M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
K5 ) K10 ) K11 ) K12 ) K14 ) K15 ) K16 ) K17 ) K18 ) 100
M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
K5 ) K10 ) K11 ) K12 ) K14 ) K15 ) K16 ) K17 ) K18 ) 100
M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
K5 ) K10 ) K11 ) K12 ) K14 ) K15 ) K16 ) K17 ) K18 ) 100
M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
K5 ) K10 ) K11 ) K12 ) K14 ) K15 ) K16 ) K17 ) K18 ) 100
M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
K5 ) K10 ) K11 ) K12 ) K14 ) K15 ) K16 ) K17 ) K18 ) 100
M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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and time. In all cases, the above derived rate constants were
used for the pathways depicted in Chart 2: background via I
(k1 ) 0.035 M-1 min-1 ), preassociatiVe via complex II (k2 )
0.0044 min-1), termolecular via complex III (k3 ) 0.030
min-1), actiVated bimolecular via complex IV (k4 ) 0.130 M-1

min-1), and bimolecular via complex V (k5) 0.020 M-1 min-1).
In the case where both starting compounds A and E have a

hydrogen-bonding site, which is the case for 2 and 1, the relevant
equilibrium constants are (Vide supra): K1 ) K2 ) K3 ) K4 )
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M-1, K8 ) 200 M-1, K9 ) 0.3 M-1, K6 ) 60 M-1, K7 ) 10 000
M-2, and K13 ) 0.03 M-1. The calculated initial rates (dP/
dt)t)0 and also the contribution (%) of the different pathways
via I-V to the product formation are compiled in Table 2.22
The results show the following. First of all, the model predicts
the formation of product 3 as a function of time with a
surprisingly good fit with the experimental data in the concen-
tration range up to 30 mM (see Table 2 and Figures 3-7). At
50 mM the actual rates are higher than predicted (probably due
to general base amide catalysis7,8). The relative contribution
of the background reaction increases when the concentration
increases at the expense of the preassociative mechanism.23 The
template effect is highest at 8.25 and 16.5 mM concentrations
(up to 46%). In the presence of an equimolar amount of
template, the contribution of the termolecular complex III to
the initial rate is in the range of 34% (1.67 mM) to 46% (16.5
mM). The contribution of the “amide catalysis” through the
activated complex IV increases with increasing concentration.
The template probably holds a complementary tetrahedral
zwitterion in close proximity to the NHsC(O) group which is

involved in hydrogen bonding via a CdO‚‚‚HsN+ interaction
(Figure 8).24 At 30 mM, it contributes almost 7 times as much
to the overall initial rate than at 1.67 mM. In reactions where
only the amine has a recognition site (e.g., 2 + 4) three of the
five pathways are excluded: the preassociative pathway via II,
the termolecular pathway via III, and the route via bimolecular
complex V. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complex IV increases
with concentration (28% at 1.67 mM to 59% at 30 mM).
When only the ester has a recognition site (e.g., 1 + 9), the

preassociative pathway via II, the termolecular pathway via III,

(22) We have tested the sensitivity of the results of our model as a
function of the values for K1, K9, and K6. When we take, e.g., values as
published by Rebek (K1 ) 60 M-1, K9 ) 3 M-1, and K6 ) 360 M-1), only
small variations in k2-k5 are found. The relative contributions of I-V to
(dP/dt)calcd are e4%. Estimated accuracies in the rate constants are as
follows: k1 ) 0.035 ( 0.005 M-1 min-1, k2 ) 0.0044 ( 0.0006 min-1, k3
) 0.03 ( 0.015 min-1, k4 ) 0.13 ( 0.03 M-1 min-1, k5 ) 0.02 ( 0.02
M-1 min-1. These accuracies of k1-k5 lead to upper and lower limits for
the ratio k3/k2 of 3.0 and 10.7, respectively.
(23) In the so-called “self-replicating molecules of second generation”

Rebek et al. forced the reaction to the template-catalyzed mechanism by
restraining the preassociative bimolecular pathway. See: Wintner, E. A.;
Conn, M. M.; Rebek, J., Jr. J. Am. Chem. Soc. 1994, 116, 8877-8884.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N+sH and the template carbonyl CdO group
might be too large to form a hydrogen bond (>4.5 Å). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published
the similar conclusion; see ref 7. On the other hand, our MM calculation
confirms hydrogen bonding within complex IV (e.g., amide catalysis); the
distance between the zwitterionic N+sH and the template carbonyl CdO
group is 1.65 Å in this case.

Chart 2

Table 2. Calculated Initial Rates for Equimolar Amounts of
1 and 2a

contribution to
initial rate (%)

[2]o [1]o [3]o (dP/dt)calcd (dP/dt)obsdb I II III IV V

1.67 1.67 0.10 9.5 90.5 0.0 0.0 0.0
1.67 1.67 1.67 0.14 7.0 56.4 33.7 2.5 0.4
2.2 2.2 0.17 10.1 89.9 0.0 0.0 0.0
2.2 2.2 2.2 0.24 7.2 52.5 36.8 3.0 0.5
8.2 8.2 1.5 1.4 15.8 84.2 0.0 0.0 0.0
8.2 8.2 4.1 2.2 2.0 10.7 46.6 36.9 5.0 0.8
8.2 8.2 8.2 2.5 9.6 35.8 45.9 7.5 1.2
16.5 16.5 4.4 4.1c 21.9 78.1 0.0 0.0 0.0
16.5 33.0 6.9 8.2 27.7 72.3 0.0 0.0 0.0
33.0 16.5 6.9 7.9 27.7 72.3 0.0 0.0 0.0
16.5 16.5 8.2 6.9 5.7c 13.7 38.3 38.5 8.3 1.3
16.5 16.5 11.5 7.4 5.9 12.9 33.2 42.4 10.0 1.5
16.5 16.5 16.5 7.8 6.2 12.2 28.1 45.7 12.2 1.9
30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
30 30 15 18.2 17.4 31.1 37.2 12.5 1.9
30 30 30 20.7 16.3 15.2 22.0 42.2 17.9 2.8
50 50 22.9 47.0 38.3 61.7 0.0 0.0 0.0
50 50 25 41.3 21.2 25.3 33.8 17.2 2.6
50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

a Concentrations in mM; rates in M‚min-1 × 105. b Average rate over
the first 100 min. c Used for parametrization.
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dependence on the concentration of catalyst
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2nd Generation of Self-Replicating System

• Modification of Spacer
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strategy : reduce the pre-associative bimolecular pathway
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showed the appropriate curvature. The lines represent the best 
fit of the data to von Kiedrowski’s) square root law for auto- 
catalysis. The coupling of N-methyl imide 3b, which is incapable 
of base pairing, shows normal (linear) product growth with amine 
2 but is slower than 3a. Therefore, the mechanism involving 
bimolecular base paired species such as 7 is still operative. (This 
was the major pathway in molecules bearing shorter naphthyl or 
phenyl spacer surfaces.’,*) 

The sigmoidality of the autocatalyzed reaction curve is a 
consequence of the self-replicating pathway via termolecular 
complex 8. Efficient autocatalysis results when template 1, the 
product of the coupling reaction, is added to the reaction medium. 
For example, when 0.2 equiv of 1 is present a t  to, the rate en- 
hancement observed is nearly 2-fold. N M R  titrations of ester 3a 
and 5’-acetyl-2’,3’-isopropylideneadenosine indicate a K ,  for 
complex 7 of -280 M-I, and the estimated K, for the termolecular 
species 8 is about 78 000 M-2. Dimerization of the template was 
measured as ca. 80000 M-I. Thus the concentration of termo- 
lecular complex 8 at  25% completion is only 3%, yet its presence 
increases the rate of product formation 2-fold. 

0 20 40 60 80 100 
Time (Min) 

Figure 1. Plots of appearance of la  and l b  vs time as determined by 
HPLC for a representative run. Initial concentrations of 2, 3a, and 3b 
were 50 mM in CHC13 with 9 equiv of Et,N added: (a) reaction of 2 
and 3 and (b) reaction of 2 and 3b. Boxes represent approximate un- 
certainty (hO.1 mmol). The lines drawn represent the best fit of the von 
Kiedrowski rate law expression. 

Scheme 11 
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3)FelHCI 
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Figure 1 shows the appearance of 1 with time over 25% reaction 
for a typical run. Four complete data sets were obtained and all 

~~~ ~~~ 

(4) (a) Mason, S. Chemical Evolution; Oxford: New York, 1991. (b) 
Rebek, J .  Jr .  Angew. Chem., Inr. Ed. Engl. 1990, 30, 245. 

( 5 )  Kolb, M.; Danzin, C.; Barth, J.; Claverie, N .  J .  Med. Chem. 1982, 25, 
550. 

(6) Jeong, K.-S.; Meuhldorf, A.; Rebek, J. Jr.  J .  Am. Chem. SOC. 1990, 
112, 6144. For the original, see: Kemp, D. S.; Petrakis, K .  S. J .  Org. Chem. 
1981, 46, 5140. 

(7) Byron, D.; Gray, G.; Wilson, R. J .  Chem. SOC. (C) 1966, 840. 
(8) All new compounds were fully characterized by high-resolution spec- 

troscopy (IR, NMR, HRMS). 
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8 

Simple derivatives of 2 show both reciprocity and mutation in 
competition experiments. The synthetic accessibility of these 
structures provides a tractable, modular system for the study of 
evolution at the molecular leveLg 
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Autocatalyst as Organocatalyst

• Strategy

termolecular complex 6 to template the reaction. This complex
places the two reacting sites, aldehyde and amine, in close proxi-
mity and accelerates the rate of their condensation reaction.

The imidazolidinone site in the self-replicating molecule 2a is
capable of activating α,β-unsaturated aldehydes via the reversible
formation of iminium ions (20). This catalytic functional group
forms during the syntheses of the replicator. The organocatalytic
activity of 2a was demonstrated in a hydride transfer reaction
(Fig. 4) to (E)-cinnamaldehyde 7. The substrate was reduced
in high yield (91%) using 2a, the Hantzsch ester 8 as the hydride
source and catalytic amount of an acid (DCl). The course of
the reaction was followed with 1H NMR spectroscopy in which
the downfield doublet of cinnamaldehyde changed to a trip-
let of dihydrocinnamaldehyde 9; the corresponding signals of
imidazolidinone catalyst 2a did not change. No reduction was
observed in the absence of 2a. Neither the thymine-derived
amino amide 4a nor the aldehyde 3 acted as a reduction catalyst
under these conditions.

The imidazolidinone motif is also known to catalyze the cou-
pling of indoles and α,β-unsaturated aldehydes in Friedel–Crafts
alkylations (21) (Fig. 5). Compound 2a was also effective in this
context: The addition of N-methylindole 10 to 7 was catalyzed by
2a and control experiments with 3 and 4a clearly illustrated that
the catalytic activity of 2a is not housed in its diaminopyridine or
imide functional groups.

In the present study, neither the catalyst nor the reaction con-
ditions are conventionally prebiotic, and the replication does not
involve an “informational” oligomer though such synthetic struc-
tures do exist and are capable of information transfer and pairing
with RNA (22, 23). There are also synthetic cyclic phosphates
embedded in chiral microenvironments that feature the same
functional group as the phosphodiesters of RNA and DNA.
Although the cyclic phosphates are widely used organocatalysts
(24), the minimalist dinucleotide monophosphates counterparts
have, to our knowledge, yet to show activity in this regard. The
departure for the cases at hand is the postulate that autocatalytic

Fig. 1. Line drawings and synthesis of autocatalytic molecules. The previously reported self-replicator 1, was modified to contain an embedded
imidazolidinone in 2a. The condensation of aldehyde 3with thymine-derived amino acid 4a results in both the cis 2a and the trans 2c. The N-methyl derivatives
(2b, 2d, and 4b) and aldehyde 5 lack the corresponding hydrogen bond motifs (recognition elements) and were used as controls.

Fig. 2. Kinetics of autocatalytic reactions. (Left) Appearance of cis compound 2a as a function of time: blue line, no additive; red line, 0.25 equiv product
added; green line, 0.50 equiv product added. Initial concentrations were aldehyde 3 (8.0 mM) and amine 4a (9.6 mM) in benzene. (Right) Appearance of trans
compound 2c as a function of time: blue line, no additive; red line, 0.25 equiv 2a added; green line, 0.50 equiv 2a added. Initial concentrations were aldehyde
3 (8.0 mM) and amine 4a (9.6 mM) in benzene.

542 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0912769107 Kamioka et al.
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Autocatalyst as Organocatalyst

alone did not show catalysis of these reactions, but the
combination of 3a and 4a showed the same activity as 2a
itself. Accordingly, the organocatalytic activity requires the
thiourea function and the formation of 2a is much faster than
the Michael reactions. In these cases, the reaction conditions
for autocatalysis and organocatalysis are quite similar; to our
knowledge, a system in which the product of an autocatalytic
reaction is able to catalyze other unrelated reactions is
unprecedented.

In the RNA world, genetic information and chemical
catalysis were purportedly housed in a single type of molecule.
Less complex and more stable structures than RNA were
likely nearer life’s origins, but any candidates proposed are
expected to show functions related to both genetics and to
metabolism.13 We described here a small, synthetic structure
that exhibits both self-replication and activity as a catalyst for
organic transformations. This represents a ‘‘bottom up’’
approach from minimalist structures but opens an avenue to
reaction cycles that can generate molecular complexity.14 The
behavior of 2a suggests there may be a broad range of
structures—quite unrelated to nucleic acids—that can, and

should, be considered as starting points for the autocatalytic
reproduction of catalytic capabilities as proposed by
Eschenmoser.15 In the meantime a ‘‘top down’’ approach
involving potential precursors16 to the RNA world with
information sequences related to peptide nucleic acids also
shows promise.
We are grateful to the Skaggs Institute. S. K. is a Skaggs

Post-doctoral Fellow.

Notes and references

1 G. von Kiedrowski, Angew. Chem., Int. Ed., 1986, 25, 932–935.
2 N. Paul and G. F. Joyce, Proc. Natl. Acad. Sci. U. S. A., 2002, 99,
12733–12740.

3 K. Severin, D. H. Lee, A. J. Kennan and M. R. Ghadiri, Nature,
1997, 389, 706–709.

Fig. 2 The synthesis of autocatalytic and organocatalytic molecules.

Both 2b and 5 lack recognition sites and were used as controls.

Table 1 Competition reactions between thymine isothiocyanate 4a
and N-methylated thymine isothiocyanate 4b with xanthene diamino-
pyridine unit 3a

Entry Catalyst 2a (%) Yield of 2a + 2b (%)a Ratio (2a : 2b)b

1 0 91 68 : 32
2 25 94 74 : 26
3c 25 95 90 : 10
4 50 92 74 : 26
5c 50 87 92 : 8

a Isolation by column chromatography. b Ratios were determined by
HPLC after column chromatography. c These reactions were
performed using high dilution conditions of isothiocyanates 4. The
yields and ratios of products have been corrected for the addition of 2a
at the start of the experiments.

Fig. 3 Effects of catalysts on Michael additions using 2,5-pentane-

dione as a nucleophile. The concentration of the product (mM) is

plotted against time (hours).

Fig. 4 The organocatalyzed reduction of a nitroolefin. The concentration

of the resulting product (mM) is plotted against reaction progress (days).

This journal is !c The Royal Society of Chemistry 2009 Chem. Commun., 2009, 7324–7326 | 7325
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• Auto-/Organocatalyst with Thiourea

alone did not show catalysis of these reactions, but the
combination of 3a and 4a showed the same activity as 2a
itself. Accordingly, the organocatalytic activity requires the
thiourea function and the formation of 2a is much faster than
the Michael reactions. In these cases, the reaction conditions
for autocatalysis and organocatalysis are quite similar; to our
knowledge, a system in which the product of an autocatalytic
reaction is able to catalyze other unrelated reactions is
unprecedented.

In the RNA world, genetic information and chemical
catalysis were purportedly housed in a single type of molecule.
Less complex and more stable structures than RNA were
likely nearer life’s origins, but any candidates proposed are
expected to show functions related to both genetics and to
metabolism.13 We described here a small, synthetic structure
that exhibits both self-replication and activity as a catalyst for
organic transformations. This represents a ‘‘bottom up’’
approach from minimalist structures but opens an avenue to
reaction cycles that can generate molecular complexity.14 The
behavior of 2a suggests there may be a broad range of
structures—quite unrelated to nucleic acids—that can, and

should, be considered as starting points for the autocatalytic
reproduction of catalytic capabilities as proposed by
Eschenmoser.15 In the meantime a ‘‘top down’’ approach
involving potential precursors16 to the RNA world with
information sequences related to peptide nucleic acids also
shows promise.
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Both 2b and 5 lack recognition sites and were used as controls.

Table 1 Competition reactions between thymine isothiocyanate 4a
and N-methylated thymine isothiocyanate 4b with xanthene diamino-
pyridine unit 3a

Entry Catalyst 2a (%) Yield of 2a + 2b (%)a Ratio (2a : 2b)b

1 0 91 68 : 32
2 25 94 74 : 26
3c 25 95 90 : 10
4 50 92 74 : 26
5c 50 87 92 : 8

a Isolation by column chromatography. b Ratios were determined by
HPLC after column chromatography. c These reactions were
performed using high dilution conditions of isothiocyanates 4. The
yields and ratios of products have been corrected for the addition of 2a
at the start of the experiments.

Fig. 3 Effects of catalysts on Michael additions using 2,5-pentane-

dione as a nucleophile. The concentration of the product (mM) is

plotted against time (hours).

Fig. 4 The organocatalyzed reduction of a nitroolefin. The concentration

of the resulting product (mM) is plotted against reaction progress (days).
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Autocatalyst as Organocatalyst

J. Rebek, Jr Proc. Natl. Acad. Sci. USA 2010, 107, 541-544

• Auto-/Organocatalyst with Imidazolidinone

termolecular complex 6 to template the reaction. This complex
places the two reacting sites, aldehyde and amine, in close proxi-
mity and accelerates the rate of their condensation reaction.

The imidazolidinone site in the self-replicating molecule 2a is
capable of activating α,β-unsaturated aldehydes via the reversible
formation of iminium ions (20). This catalytic functional group
forms during the syntheses of the replicator. The organocatalytic
activity of 2a was demonstrated in a hydride transfer reaction
(Fig. 4) to (E)-cinnamaldehyde 7. The substrate was reduced
in high yield (91%) using 2a, the Hantzsch ester 8 as the hydride
source and catalytic amount of an acid (DCl). The course of
the reaction was followed with 1H NMR spectroscopy in which
the downfield doublet of cinnamaldehyde changed to a trip-
let of dihydrocinnamaldehyde 9; the corresponding signals of
imidazolidinone catalyst 2a did not change. No reduction was
observed in the absence of 2a. Neither the thymine-derived
amino amide 4a nor the aldehyde 3 acted as a reduction catalyst
under these conditions.

The imidazolidinone motif is also known to catalyze the cou-
pling of indoles and α,β-unsaturated aldehydes in Friedel–Crafts
alkylations (21) (Fig. 5). Compound 2a was also effective in this
context: The addition of N-methylindole 10 to 7 was catalyzed by
2a and control experiments with 3 and 4a clearly illustrated that
the catalytic activity of 2a is not housed in its diaminopyridine or
imide functional groups.

In the present study, neither the catalyst nor the reaction con-
ditions are conventionally prebiotic, and the replication does not
involve an “informational” oligomer though such synthetic struc-
tures do exist and are capable of information transfer and pairing
with RNA (22, 23). There are also synthetic cyclic phosphates
embedded in chiral microenvironments that feature the same
functional group as the phosphodiesters of RNA and DNA.
Although the cyclic phosphates are widely used organocatalysts
(24), the minimalist dinucleotide monophosphates counterparts
have, to our knowledge, yet to show activity in this regard. The
departure for the cases at hand is the postulate that autocatalytic

Fig. 1. Line drawings and synthesis of autocatalytic molecules. The previously reported self-replicator 1, was modified to contain an embedded
imidazolidinone in 2a. The condensation of aldehyde 3with thymine-derived amino acid 4a results in both the cis 2a and the trans 2c. The N-methyl derivatives
(2b, 2d, and 4b) and aldehyde 5 lack the corresponding hydrogen bond motifs (recognition elements) and were used as controls.

Fig. 2. Kinetics of autocatalytic reactions. (Left) Appearance of cis compound 2a as a function of time: blue line, no additive; red line, 0.25 equiv product
added; green line, 0.50 equiv product added. Initial concentrations were aldehyde 3 (8.0 mM) and amine 4a (9.6 mM) in benzene. (Right) Appearance of trans
compound 2c as a function of time: blue line, no additive; red line, 0.25 equiv 2a added; green line, 0.50 equiv 2a added. Initial concentrations were aldehyde
3 (8.0 mM) and amine 4a (9.6 mM) in benzene.
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reproduction of catalytic capabilities (25) can be a useful and
expanded definition of the chemistry at life’s origins. Compound
2a acting as both autocatalyst and organocatalyst provides a
working example. Such organocatalysts could even be envisioned
to assist in building up the molecular components from which
they are composed, for example, the synthesis of the pyrimidine
heterocyclic subunits featured here. Such compounds provide a
starting point for a “bottom up” approach to creating molecular
complexity and establishing catalytic reaction cycles (26). There
is also the possibility for mutations (27) in these synthetic
replicators. The ultimate aim is the generation of accessible
synthetic systems that are potential precursors to the RNA world.

Materials and Methods
General Experimental. All reagents were obtained from commercial suppliers
and used without further purification. NMR spectra were recorded on a
Bruker DRX-600 spectrometer at 300 K. HPLC for analysis was performed
on a Hewlett–Packard HP-1100 series system with following gradients:
5–40% over 7 min, 40–100% over 25 min, and then 100% over 5 min
[CH3CN in H2O (0.1% TFA)], with the flow rate of 0.5 mL∕min on a GL
Sciences, Inc. Inertsil-ODS-1HO, 4.6 × 150 mm column. Peak areas were
integrated at 254 nm. The details of the synthetic procedures and character-
izations of the aldehydes 3 and 5, as well as thymine-derived amino acids 4a
and 4b are described in SI Appendix.

General Procedure for the Synthesis of Imidazolidinones 2. Thymine-derived
amino acid 4a or 4b (3 mM) was treated with a solution of aldehyde 3 or

5 (2 mM) in benzene (2.0 mL) at room temperature. After 2 d of stirring
at 70 °C, the reaction mixture was concentrated in vacuo. The residue was
purified by column chromatography on silica gel, eluting with 30% acetone
in chloroform to afford the cis and trans imidazolidinones. The coupling
reaction of 3 and 4a gave 53% of cis 2a and 24% of trans 2c. The character-
ization data for 2a and 2c are as follows.

Cis 2a: 1H NMR (600 MHz, DMSO-d6) δ 11.26 (s, 1H), 7.75 (s, 1H), 7.67
(s, 1H), 7.39 (s, 1H), 7.38 (s, 1H), 7.25 (s, 1H), 7.05 − 6.95 (m, 3H), 6.78
(d, J ¼ 6.9 Hz, 2H), 6.20 (s, 1H), 4.37 − 4.30 (m, 2H), 4.14 (d, J ¼ 14.9 Hz,
1H), 4.09 − 4.00 (s, 1H), 3.85 − 3.80 (m, 2H), 3.75 (s, 3H), 1.71 (s, 3H), 1.60
(s, 3H), 1.59 (s, 3H), 1.32 (s, 9H), 1.19 (s, 9H); 13C NMR (151 MHz, DMSO-d6)
δ 172.8, 171.8, 168.0, 165.1, 152.1, 147.4, 146.6, 146.0, 145.4, 142.8, 137.8,
131.2, 129.9, 128.6, 127.6, 127.2, 127.1, 126.4, 125.8, 124.8, 124.3, 123.6,
108.6, 67.8, 57.7, 49.9, 44.5, 35.3, 35.1, 35.0, 33.8, 32.2, 32.1, 31.2, 13.0;
high-resolution mass spectrometry (HRMS) [matrix-assisted laser desorption/
ionization–Fourier transform mass spectrometry (MALDI-FTMS): MHþ] calcu-
lated for C42H50N9Oþ

4 744.3998, found 744.3975.
Trans 2c: 1H NMR (600 MHz, DMSO-d6) δ 11.28 (s, 1H), 7.61 − 7.55 (m, 2H),

7.38 (d, J ¼ 2.0 Hz, 1H), 7.25 (s, 1H), 7.08 (d, J ¼ 1.9 Hz, 1H), 7.06 − 6.96
(m, 3H), 6.82 (d, J ¼ 6.9 Hz, 2H), 6.78 (s, 4H), 6.18 (d, J ¼ 6.5 Hz, 1H),
4.19 − 4.12 (m, 2H), 4.12 − 4.08 (m, 1H), 4.06 (s, J ¼ 16.0 Hz, 1H), 3.69 (dd,
J ¼ 7.1, 13.5 Hz, 1H), 3.44 (dd, J ¼ 9.8, 13.5 Hz, 1H), 1.71 (s, 3H), 1.59
(s, 6H), 1.33 (s, 9H), 1.17 (s, 9H); 13C NMR (151 MHz, DMSO-d6) δ 172.3, 171.8,
167.2, 164.4, 151.0, 146.4, 145.9, 145.3, 144.6, 142.5, 136.8, 130.3, 129.6,
127.8, 127.1, 126.6, 126.0, 124.8, 124.4, 124.0, 123.0, 121.9, 107.7, 57.0, 49.4,
44.0, 34.5, 34.3, 34.2, 31.5, 31.4, 31.3, 31.3, 31.1, 12.0; HRMS (MALDI-FTMS:
MHþ) calculated for C42H50N9Oþ

4 744.3998, found 744.3982.

Fig. 4. The organocatalyzed reduction of cinnamaldehyde: red line, 0.2 equiv 2a; green line, 0.2 eqiv 3; blue line, 0.2 equiv 4a; black line, no additive.

Fig. 3. Autocatalytic reaction through a proposed termolecular complex. The recognition sites of 2a act through hydrogen bonding and stacking to provide a
template for assembly 6. The reactive groups (circled) can be brought into proximity and the condensation reaction is accelerated. A modeled structure of the
dimeric 2a.2a is also shown.
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formation of iminium ions (20). This catalytic functional group
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activity of 2a was demonstrated in a hydride transfer reaction
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in high yield (91%) using 2a, the Hantzsch ester 8 as the hydride
source and catalytic amount of an acid (DCl). The course of
the reaction was followed with 1H NMR spectroscopy in which
the downfield doublet of cinnamaldehyde changed to a trip-
let of dihydrocinnamaldehyde 9; the corresponding signals of
imidazolidinone catalyst 2a did not change. No reduction was
observed in the absence of 2a. Neither the thymine-derived
amino amide 4a nor the aldehyde 3 acted as a reduction catalyst
under these conditions.

The imidazolidinone motif is also known to catalyze the cou-
pling of indoles and α,β-unsaturated aldehydes in Friedel–Crafts
alkylations (21) (Fig. 5). Compound 2a was also effective in this
context: The addition of N-methylindole 10 to 7 was catalyzed by
2a and control experiments with 3 and 4a clearly illustrated that
the catalytic activity of 2a is not housed in its diaminopyridine or
imide functional groups.

In the present study, neither the catalyst nor the reaction con-
ditions are conventionally prebiotic, and the replication does not
involve an “informational” oligomer though such synthetic struc-
tures do exist and are capable of information transfer and pairing
with RNA (22, 23). There are also synthetic cyclic phosphates
embedded in chiral microenvironments that feature the same
functional group as the phosphodiesters of RNA and DNA.
Although the cyclic phosphates are widely used organocatalysts
(24), the minimalist dinucleotide monophosphates counterparts
have, to our knowledge, yet to show activity in this regard. The
departure for the cases at hand is the postulate that autocatalytic

Fig. 1. Line drawings and synthesis of autocatalytic molecules. The previously reported self-replicator 1, was modified to contain an embedded
imidazolidinone in 2a. The condensation of aldehyde 3with thymine-derived amino acid 4a results in both the cis 2a and the trans 2c. The N-methyl derivatives
(2b, 2d, and 4b) and aldehyde 5 lack the corresponding hydrogen bond motifs (recognition elements) and were used as controls.

Fig. 2. Kinetics of autocatalytic reactions. (Left) Appearance of cis compound 2a as a function of time: blue line, no additive; red line, 0.25 equiv product
added; green line, 0.50 equiv product added. Initial concentrations were aldehyde 3 (8.0 mM) and amine 4a (9.6 mM) in benzene. (Right) Appearance of trans
compound 2c as a function of time: blue line, no additive; red line, 0.25 equiv 2a added; green line, 0.50 equiv 2a added. Initial concentrations were aldehyde
3 (8.0 mM) and amine 4a (9.6 mM) in benzene.
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2a acting as both autocatalyst and organocatalyst provides a
working example. Such organocatalysts could even be envisioned
to assist in building up the molecular components from which
they are composed, for example, the synthesis of the pyrimidine
heterocyclic subunits featured here. Such compounds provide a
starting point for a “bottom up” approach to creating molecular
complexity and establishing catalytic reaction cycles (26). There
is also the possibility for mutations (27) in these synthetic
replicators. The ultimate aim is the generation of accessible
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and used without further purification. NMR spectra were recorded on a
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on a Hewlett–Packard HP-1100 series system with following gradients:
5–40% over 7 min, 40–100% over 25 min, and then 100% over 5 min
[CH3CN in H2O (0.1% TFA)], with the flow rate of 0.5 mL∕min on a GL
Sciences, Inc. Inertsil-ODS-1HO, 4.6 × 150 mm column. Peak areas were
integrated at 254 nm. The details of the synthetic procedures and character-
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and 4b are described in SI Appendix.
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at 70 °C, the reaction mixture was concentrated in vacuo. The residue was
purified by column chromatography on silica gel, eluting with 30% acetone
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reaction of 3 and 4a gave 53% of cis 2a and 24% of trans 2c. The character-
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high-resolution mass spectrometry (HRMS) [matrix-assisted laser desorption/
ionization–Fourier transform mass spectrometry (MALDI-FTMS): MHþ] calcu-
lated for C42H50N9Oþ

4 744.3998, found 744.3975.
Trans 2c: 1H NMR (600 MHz, DMSO-d6) δ 11.28 (s, 1H), 7.61 − 7.55 (m, 2H),
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4.19 − 4.12 (m, 2H), 4.12 − 4.08 (m, 1H), 4.06 (s, J ¼ 16.0 Hz, 1H), 3.69 (dd,
J ¼ 7.1, 13.5 Hz, 1H), 3.44 (dd, J ¼ 9.8, 13.5 Hz, 1H), 1.71 (s, 3H), 1.59
(s, 6H), 1.33 (s, 9H), 1.17 (s, 9H); 13C NMR (151 MHz, DMSO-d6) δ 172.3, 171.8,
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MHþ) calculated for C42H50N9Oþ

4 744.3998, found 744.3982.

Fig. 4. The organocatalyzed reduction of cinnamaldehyde: red line, 0.2 equiv 2a; green line, 0.2 eqiv 3; blue line, 0.2 equiv 4a; black line, no additive.

Fig. 3. Autocatalytic reaction through a proposed termolecular complex. The recognition sites of 2a act through hydrogen bonding and stacking to provide a
template for assembly 6. The reactive groups (circled) can be brought into proximity and the condensation reaction is accelerated. A modeled structure of the
dimeric 2a.2a is also shown.
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IV. Biological Autocatalysis
~ Self-Replication of RNA ~ 

✤  Evidence for RNA World
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1) No evidence for forming RNA from many other nucleotide

2) Unstable structure of RNA compared to DNA

3) Never discovery of self-replicating RNA

What is the RNA World ?

RNA World is...
a self-replicating system consisting of RNA(NOT 
DNA/Protein), thought to exist in earlier time on 
the earth.

However...
There are some points to be discussed in RNA 
World hypothesis.
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Self-Replication of RNA

rate. For the enzymes E and E′, the exponential
growth rate was 0.92 and 1.05 hour–1, respectively.

Exponential growth can be continued inde-
finitely in a serial transfer experiment in which a
portion of a completed reaction mixture is trans-
ferred to a new reaction vessel that contains a fresh
supply of substrates. Six successive reactions were
carried out in this fashion, each 5 hours in duration
and transferring 4% of the material from one reac-
tionmixture to the next. The first mixture contained
0.1 mM E and 0.1 mM E′, but all subsequent
mixtures contained only those enzymes that were
carried over in the transfer. Exponential growthwas
maintained throughout 30 hours total of incubation,
with an overall amplification of greater than 108-
fold for each of the two enzymes (Fig. 2B).

It is possible to construct variants of the cross-
replicating RNA enzymes that differ in the re-

gions ofWatson-Crick pairing between the cross-
catalytic partners without markedly affecting
replication efficiency. These regions are located
at the 5′ and 3′ ends of the enzyme (Fig. 1B).
Four nucleotide positions at both the 5′ and 3′
ends were varied, adopting the rule that each
region contains one G•C and three A•U pairs so
that there would be no substantial differences in
base-pairing stability. Of the 32 possible pairs of
complementary sequences for each region, 12
were chosen as a set of designated pairings (Fig.
1C). Each pairing was associated with a partic-
ular sequence within the catalytic core of both
members of a cross-replicating pair. Twelve pairs
of cross-replicating enzymes were synthesized,
as well as the 48 substrates (12 each of A, A′, B,
and B′) necessary to support their exponential
amplification. Each replicator was individually

tested and demonstrated varying levels of
catalytic activity and varying rates of exponential
growth (fig. S1). The pair shown in Fig. 1B (now
designated E1 and E1′) had the fastest rate of
exponential growth, achieving about 20-fold ampli-
fication after 5 hours. The various cross-replicating
enzymes shown in Fig. 1C had the following
rank order of replication efficiency: E1, E10, E5,
E4, E6, E3, E12, E7, E9, E8, E2, E11. The top five
replicators all achieved more than 10-fold ampli-
fication after 5 hours, and all except E11 achieved
at least fivefold amplification after 5 hours.

A serial-transfer experiment was initiated with a
0.1 mM concentration each of E1 to E4 and E1′ to
E4′ and a 5.0 mM concentration of each of the 16
corresponding substrates. Sixteen successive
transfers were carried out over 70 hours, transferring
5% of the material from one reaction mixture to the
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Fig. 1. Cross-replicating RNA enzymes. (A) The enzyme E′ (gray) catalyzes
ligation of substrates A and B (black) to form the enzyme E, whereas E
catalyzes ligation of A′ and B′ to form E′. The two enzymes dissociate to provide
copies that can catalyze another reaction. (B) Sequence and secondary
structure of the complex formed between the enzyme and its two substrates (E′,
A, and B are shown; E, A′, and B′ are the reciprocal). The curved arrow indicates

the site of ligation. Solid boxes indicate critical wobble pairs that provide
enhanced catalytic activity. Dashed boxes indicate paired regions and catalytic
nucleotides that were altered to construct various cross replicators. (C) Var-
iable portion of 12 different E enzymes. The corresponding E′ enzymes have a
complementary sequence in the paired region and the same sequence of
catalytic nucleotides (alterations relative to the E1 enzyme are highlighted).
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rate. For the enzymes E and E′, the exponential
growth rate was 0.92 and 1.05 hour–1, respectively.

Exponential growth can be continued inde-
finitely in a serial transfer experiment in which a
portion of a completed reaction mixture is trans-
ferred to a new reaction vessel that contains a fresh
supply of substrates. Six successive reactions were
carried out in this fashion, each 5 hours in duration
and transferring 4% of the material from one reac-
tionmixture to the next. The first mixture contained
0.1 mM E and 0.1 mM E′, but all subsequent
mixtures contained only those enzymes that were
carried over in the transfer. Exponential growthwas
maintained throughout 30 hours total of incubation,
with an overall amplification of greater than 108-
fold for each of the two enzymes (Fig. 2B).

It is possible to construct variants of the cross-
replicating RNA enzymes that differ in the re-

gions ofWatson-Crick pairing between the cross-
catalytic partners without markedly affecting
replication efficiency. These regions are located
at the 5′ and 3′ ends of the enzyme (Fig. 1B).
Four nucleotide positions at both the 5′ and 3′
ends were varied, adopting the rule that each
region contains one G•C and three A•U pairs so
that there would be no substantial differences in
base-pairing stability. Of the 32 possible pairs of
complementary sequences for each region, 12
were chosen as a set of designated pairings (Fig.
1C). Each pairing was associated with a partic-
ular sequence within the catalytic core of both
members of a cross-replicating pair. Twelve pairs
of cross-replicating enzymes were synthesized,
as well as the 48 substrates (12 each of A, A′, B,
and B′) necessary to support their exponential
amplification. Each replicator was individually

tested and demonstrated varying levels of
catalytic activity and varying rates of exponential
growth (fig. S1). The pair shown in Fig. 1B (now
designated E1 and E1′) had the fastest rate of
exponential growth, achieving about 20-fold ampli-
fication after 5 hours. The various cross-replicating
enzymes shown in Fig. 1C had the following
rank order of replication efficiency: E1, E10, E5,
E4, E6, E3, E12, E7, E9, E8, E2, E11. The top five
replicators all achieved more than 10-fold ampli-
fication after 5 hours, and all except E11 achieved
at least fivefold amplification after 5 hours.

A serial-transfer experiment was initiated with a
0.1 mM concentration each of E1 to E4 and E1′ to
E4′ and a 5.0 mM concentration of each of the 16
corresponding substrates. Sixteen successive
transfers were carried out over 70 hours, transferring
5% of the material from one reaction mixture to the
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Fig. 1. Cross-replicating RNA enzymes. (A) The enzyme E′ (gray) catalyzes
ligation of substrates A and B (black) to form the enzyme E, whereas E
catalyzes ligation of A′ and B′ to form E′. The two enzymes dissociate to provide
copies that can catalyze another reaction. (B) Sequence and secondary
structure of the complex formed between the enzyme and its two substrates (E′,
A, and B are shown; E, A′, and B′ are the reciprocal). The curved arrow indicates

the site of ligation. Solid boxes indicate critical wobble pairs that provide
enhanced catalytic activity. Dashed boxes indicate paired regions and catalytic
nucleotides that were altered to construct various cross replicators. (C) Var-
iable portion of 12 different E enzymes. The corresponding E′ enzymes have a
complementary sequence in the paired region and the same sequence of
catalytic nucleotides (alterations relative to the E1 enzyme are highlighted).
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rate. For the enzymes E and E′, the exponential
growth rate was 0.92 and 1.05 hour–1, respectively.

Exponential growth can be continued inde-
finitely in a serial transfer experiment in which a
portion of a completed reaction mixture is trans-
ferred to a new reaction vessel that contains a fresh
supply of substrates. Six successive reactions were
carried out in this fashion, each 5 hours in duration
and transferring 4% of the material from one reac-
tionmixture to the next. The first mixture contained
0.1 mM E and 0.1 mM E′, but all subsequent
mixtures contained only those enzymes that were
carried over in the transfer. Exponential growthwas
maintained throughout 30 hours total of incubation,
with an overall amplification of greater than 108-
fold for each of the two enzymes (Fig. 2B).

It is possible to construct variants of the cross-
replicating RNA enzymes that differ in the re-

gions ofWatson-Crick pairing between the cross-
catalytic partners without markedly affecting
replication efficiency. These regions are located
at the 5′ and 3′ ends of the enzyme (Fig. 1B).
Four nucleotide positions at both the 5′ and 3′
ends were varied, adopting the rule that each
region contains one G•C and three A•U pairs so
that there would be no substantial differences in
base-pairing stability. Of the 32 possible pairs of
complementary sequences for each region, 12
were chosen as a set of designated pairings (Fig.
1C). Each pairing was associated with a partic-
ular sequence within the catalytic core of both
members of a cross-replicating pair. Twelve pairs
of cross-replicating enzymes were synthesized,
as well as the 48 substrates (12 each of A, A′, B,
and B′) necessary to support their exponential
amplification. Each replicator was individually

tested and demonstrated varying levels of
catalytic activity and varying rates of exponential
growth (fig. S1). The pair shown in Fig. 1B (now
designated E1 and E1′) had the fastest rate of
exponential growth, achieving about 20-fold ampli-
fication after 5 hours. The various cross-replicating
enzymes shown in Fig. 1C had the following
rank order of replication efficiency: E1, E10, E5,
E4, E6, E3, E12, E7, E9, E8, E2, E11. The top five
replicators all achieved more than 10-fold ampli-
fication after 5 hours, and all except E11 achieved
at least fivefold amplification after 5 hours.

A serial-transfer experiment was initiated with a
0.1 mM concentration each of E1 to E4 and E1′ to
E4′ and a 5.0 mM concentration of each of the 16
corresponding substrates. Sixteen successive
transfers were carried out over 70 hours, transferring
5% of the material from one reaction mixture to the
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Fig. 1. Cross-replicating RNA enzymes. (A) The enzyme E′ (gray) catalyzes
ligation of substrates A and B (black) to form the enzyme E, whereas E
catalyzes ligation of A′ and B′ to form E′. The two enzymes dissociate to provide
copies that can catalyze another reaction. (B) Sequence and secondary
structure of the complex formed between the enzyme and its two substrates (E′,
A, and B are shown; E, A′, and B′ are the reciprocal). The curved arrow indicates

the site of ligation. Solid boxes indicate critical wobble pairs that provide
enhanced catalytic activity. Dashed boxes indicate paired regions and catalytic
nucleotides that were altered to construct various cross replicators. (C) Var-
iable portion of 12 different E enzymes. The corresponding E′ enzymes have a
complementary sequence in the paired region and the same sequence of
catalytic nucleotides (alterations relative to the E1 enzyme are highlighted).
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rate. For the enzymes E and E′, the exponential
growth rate was 0.92 and 1.05 hour–1, respectively.

Exponential growth can be continued inde-
finitely in a serial transfer experiment in which a
portion of a completed reaction mixture is trans-
ferred to a new reaction vessel that contains a fresh
supply of substrates. Six successive reactions were
carried out in this fashion, each 5 hours in duration
and transferring 4% of the material from one reac-
tionmixture to the next. The first mixture contained
0.1 mM E and 0.1 mM E′, but all subsequent
mixtures contained only those enzymes that were
carried over in the transfer. Exponential growthwas
maintained throughout 30 hours total of incubation,
with an overall amplification of greater than 108-
fold for each of the two enzymes (Fig. 2B).

It is possible to construct variants of the cross-
replicating RNA enzymes that differ in the re-

gions ofWatson-Crick pairing between the cross-
catalytic partners without markedly affecting
replication efficiency. These regions are located
at the 5′ and 3′ ends of the enzyme (Fig. 1B).
Four nucleotide positions at both the 5′ and 3′
ends were varied, adopting the rule that each
region contains one G•C and three A•U pairs so
that there would be no substantial differences in
base-pairing stability. Of the 32 possible pairs of
complementary sequences for each region, 12
were chosen as a set of designated pairings (Fig.
1C). Each pairing was associated with a partic-
ular sequence within the catalytic core of both
members of a cross-replicating pair. Twelve pairs
of cross-replicating enzymes were synthesized,
as well as the 48 substrates (12 each of A, A′, B,
and B′) necessary to support their exponential
amplification. Each replicator was individually

tested and demonstrated varying levels of
catalytic activity and varying rates of exponential
growth (fig. S1). The pair shown in Fig. 1B (now
designated E1 and E1′) had the fastest rate of
exponential growth, achieving about 20-fold ampli-
fication after 5 hours. The various cross-replicating
enzymes shown in Fig. 1C had the following
rank order of replication efficiency: E1, E10, E5,
E4, E6, E3, E12, E7, E9, E8, E2, E11. The top five
replicators all achieved more than 10-fold ampli-
fication after 5 hours, and all except E11 achieved
at least fivefold amplification after 5 hours.

A serial-transfer experiment was initiated with a
0.1 mM concentration each of E1 to E4 and E1′ to
E4′ and a 5.0 mM concentration of each of the 16
corresponding substrates. Sixteen successive
transfers were carried out over 70 hours, transferring
5% of the material from one reaction mixture to the
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Fig. 1. Cross-replicating RNA enzymes. (A) The enzyme E′ (gray) catalyzes
ligation of substrates A and B (black) to form the enzyme E, whereas E
catalyzes ligation of A′ and B′ to form E′. The two enzymes dissociate to provide
copies that can catalyze another reaction. (B) Sequence and secondary
structure of the complex formed between the enzyme and its two substrates (E′,
A, and B are shown; E, A′, and B′ are the reciprocal). The curved arrow indicates

the site of ligation. Solid boxes indicate critical wobble pairs that provide
enhanced catalytic activity. Dashed boxes indicate paired regions and catalytic
nucleotides that were altered to construct various cross replicators. (C) Var-
iable portion of 12 different E enzymes. The corresponding E′ enzymes have a
complementary sequence in the paired region and the same sequence of
catalytic nucleotides (alterations relative to the E1 enzyme are highlighted).
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in vitro evolution :
a technique used to explore the 
functional capabilities of RNA and 
DNA in a rapid, systematic, and 
directed fashion.
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• Self-Sustained amplification of RNA

next (fig. S2A). Individuals were cloned from the
population after the final reaction and sequenced.
Among 25 clones (sequencing E′ only), there was
no dominant replicator (fig. S2B). E1′, E2′, E3′, and
E4′ all were represented, as well as 17 clones that
were the result of recombination between a

particular A′ substrate and one of the three B′
substrates other than its original partner (or similarly
for A and B). Recombination occurs when an
enzyme binds and ligates amismatched substrate. In
principle, any A could become joined to any B or
B′, and any A′ could become joined to any B′ or B,

resulting in 64 possible enzymes. The set of
replicators were designed so that cognate substrates
have a binding advantage of several kilocalories per
mole as compared with noncognate substrates (fig.
S2C), but once amismatched substrate is bound and
ligated, it forms a recombinant enzyme that also can
cross-replicate. Recombinants can give rise to other
recombinants, as well as revert back to nonrecom-
binants. Based on relative binding affinities, there
are expected to be preferred pathways for mutation,
primarily involving substitution among certain A′ or
among certain B components (fig. S2D).

A second serial transfer experimentwas initiated
with a 0.1 mM concentration each of all 12 pairs of
cross-replicating enzymes and a 5.0 mM concentra-
tion of each of the 48 corresponding substrates. This
mixture allowed 132 possible pairs of recombinant
cross-replicating enzymes as well as the 12 pairs of
nonrecombinant cross-replicators. Twenty succes-
sive reactions were carried out over 100 hours,
transferring 5% of the material from one reaction
mixture to the next, and achieving an overall
amplification of greater than 1025-fold (Fig. 3A).
Of 100 clones isolated after the final reaction
(sequencing 50 E and 50 E′), only 7 were non-
recombinants (Fig. 3B). The distribution was highly
nonuniform,with sparse representation ofmolecules
containing components A6 to A12 and B5 to B12
(and reciprocal components B6′ to B12′ and A5′ to
A12′). Themost frequently represented components
were A5 and B3 (and reciprocal components B5′
and A3′). The three most abundant recombinants
were A5B2, A5B3, and A5B4 (and their cross-
replication partners), which together accounted for
one third of all clones.

In the presence of their cognate substrates alone,
E1 remained the most efficient replicator, but in the
presence of all 48 substrates, the most efficient
replicator was A5B3 (Fig. 3C). When the A5B3
replicator was provided with a mixture of substrates
corresponding to the components of the three most
abundant recombinants, its exponential growth rate
was the highest measured for any replicator (Fig.
3D). The fitness of a pair of cross-replicating
enzymes depends on several factors, including their
intrinsic catalytic activity, exponential growth rate
with cognate substrates, ability to withstand inhibi-
tion by other substrates in the mixture, and net rate
of production through mutation among the various
cross-replicators. The A5B3 recombinant and its
cross-replication partner B5′A3′ have different
catalytic cores (Fig. 1C), and both exhibit compa-
rable activity, accounting for their well-balanced rate
of production throughout the course of exponential
amplification (Fig. 3D). The selective advantage of
this cross-replicator appears to derive from its
relative resistance to inhibition by other substrates
in the mixture (Fig. 3C) and its ability to capitalize
on facilemutation among substrates B2,B3, andB4
and among substrates A2′, A3′, and A4′ that com-
prise the most abundant recombinants (fig. S2D).

Populations of cross-replicating RNA enzymes
can serve as a simplified experimental model of a
genetic systemwith, at present, two genetic loci and
12 alleles per locus. It is likely, however, that the
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Fig. 2. Self-sustained amplification of cross-replicating RNA enzymes. (A) The yield of both E
(black curve) and E′ (gray curve) increased exponentially before leveling off as the supply of
substrates became exhausted. (B) Amplification was sustained by performance of a serial transfer
experiment, allowing approximately 25-fold amplification before transferring 4% of the mixture to
a new reaction vessel that contained a fresh supply of substrates. The concentrations of E and E′
were measured at the end of each incubation.
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Fig. 3. Self-sustained amplification of a population of cross-replicating RNA enzymes, resulting in
selection of the fittest replicators. (A) Beginning with 12 pairs of cross-replicating RNA enzymes (Fig. 1C),
amplification was sustained for 20 successive rounds of ~20-fold amplification and 20-fold dilution. The
concentrations of all E (black) and E′ (gray) molecules were measured after each incubation. (B) Graphical
representation of 50 E and 50 E′ clones (dark and light columns, respectively) that were sequenced after
the last incubation. The A and B (or B′ and A′) components of the various enzymes are shown on the
horizontal axes, with nonrecombinant enzymes indicated by shaded boxes along the diagonal. The
number of clones containing each combination of components is shown on the vertical axis. (C)
Comparative growth of E1 (circles) and A5B3 (squares) in the presence of either their cognate substrates
alone (solid symbols) or all substrates that were present during serial transfer (open symbols). (D) Growth
of A5B3 (black curve) and B5′A3′ (gray curve) in the presence of the eight substrates (A5, B2, B3, B4, B5′,
A2′, A3′, and A4′) that comprise the three most abundant cross-replicating enzymes.
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sigmoidal curve x25 amplification !
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V. Summary
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Summary of Today’s Topics

• Asymmetric Autocatalysis → Homochirality

• Organic Autocatalysis → Synthetic Biology

• Biological Autocatalysis → RNA World Hypothesis

• Can We Utilize Autocatalytic Reactions to 
Accomplish More Efficient Organic Synthesis ?

} “bottom up” 
approach to life 
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